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Una TPC para búsqueda de
axiones en el experimento
CAST del CERN
El objetivo de esta memoria es el análisis de los datos tomados on uno
de los detetores del experimento CAST, la ámara de proyeión temporal
(TPC en sus siglas en inglés), durante los años 2003 y 2004. El experimen-
to CAST (CERN Axion Solar Telesope), situado en el CERN, reutiliza un
imán de pruebas del LHC omo un heliosopio de axiones. Estas hipotétias
partíulas fueron iniialmente postuladas por R. Peei y H. Quinn para re-
solver un problema que aparee en QCD, y podrían ser uno de los andidatos
a la materia osura fría del Universo. Es por esto que la búsqueda de axiones
es un ampo muy ativo de la Físia de Astropartíulas, en el ual CAST y
sus resultados juegan un papel primordial, ya que estos han permitido dis-
minuir la ota superior a la onstante de aoplo axión-fotón, proporionado
el valor más restritivo obtenido hasta la feha en el rango de masas de hasta
0.02 eV.
Introduión
Para entender qué son los axiones, uno debe remontarse al llamado strong
CP problem del modelo estándar de las partíulas elementales, el ual predie
que la fuerza fuerte debería violar una de la simetría fundamentales de la
naturaleza, la llamada CP, al igual que lo hae la fuerza débil. Pero hasta la
feha ningún experimento ha detetado diha violaión, heho que empezó a
intrigar a los físios de partíulas a omienzos de los años 70.
En 1977 R. Peei y H. Quinn introdujeron en el modelo estándar de
las partíulas elementales un nuevo meanismo teório para preservar diha
simetría en la fuerza fuerte, el ual hasta la feha es la soluión más elegante
a este problema. Posteriormente, en 1978, F. Wilzek y S. Weimberg se
dieron uenta independientemente de que una nueva partíula apareía de
forma natural en el maro de esta nueva teoría, y la bautizaron on el nombre
de axión. Así, un nuevo bosón pseudoesalar entraba a formar parte del ya
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de por si extenso zoo de las partíulas elementales, y es su observaión lo
que permitirá onrmar el meanismo Peei-Quinn.
Los axiones podrían formar parte de la materia no-bariónia del Universo,
tanto omo omponentes fósiles provenientes de los primeros momentos del
Universo, o omo partíulas reién readas en el entro de una estrella. De
heho, en el primer aso, la densidad de axiones en el Universo podría ser
suiente omo para que los axiones ompusiesen la omnipresente Materia
Osura.
Este bosón interaiona de una forma muy débil on la materia, onvir-
tiéndose así en una partíula muy esquiva, imposible de detetar de forma
direta. Su observaión supone, por tanto, un reto para los físios, ya que
se debe reurrir a métodos sostiados e inteligentes para su búsqueda. Des-
de que los axiones fueron propuestos, diferentes ténias para su búsqueda
han sido propuestas, a ada ual más ingeniosa y pintoresa, aunque todas
ellas tienen el omún denominador de estar basadas en el efeto Primako,
el ual postula que los axiones podrían onvertirse en fotones y vieversa en
presenia de ampos elétrios o magnétios. Por ejemplo, avidades de mi-
roondas resonantes ajustables, embebidas en un ampo magnétio, esperan
detetar los axiones fósiles que se enontrarían en el halo de nuestra galaxia,
mientras que heliosopios son apuntados al Sol esperando así poder detetar
los axiones que esaparían de su entro. También en un laboratorio estos
elusivos bosones podrían ser reados y por tanto detetados usando un haz
láser que atraviesa el seno de un ampo magnétio.
El experimento CAST
El experimento CAST es un heliosopio de axiones de los menionados
en la seión anterior. El prinipio básio de funionamiento de este tipo de
experimentos aparee esquematizado en la gura 1.
Figura 1: Prinipio esquemátio de funionamiento de un telesopio solar de
axiones. Un axion viajando haia la tierra desde el entro del Sol se transfor-
maría en un fotón en el ampo magnétio transversal del imán, inidiendo
este posteriormente en un detetor de rayos X.
El prinipal omponente de CAST es un imán de 10 m de largo apaz de
iv
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generar un ampo magnétio transversal de hasta 10 Teslas en su interior,
que iniialmente fue diseñado y onstruido para probar la viabilidad de la
tenología neesaria para los imanes del LHC. Este imán está oloado sobre
un plataforma on apaidad de movimiento, de forma que todo el onjunto
puede seguir al Sol durante aproximadamente una hora y media al ama-
neer y otro tanto al anoheer. La gura 2 muestra un esquema de diho
experimento.
Figura 2: El experimento CAST en el CERN.
En CAST tres detetores distintos busan este exeso de rayos X. Pa-
ra detetar los fotones produidos uando se apunta al Sol durante hora y
media al amaneer hay una CCD (Charge Coupled Devie), aoplada a un
telesopio que foaliza la señal proveniente del imán en un punto de 3 mm
de diámetro, inrementando así de una forma onsiderable el oiente se-
ñal/fondo. Junto al mismo se enuentra una ámara proporional que usa
una tenología muy novedosa para reoger la señal llamada Miromegas. Una
ámara de proyeión temporal, (TPC, Time Proyetion Chamber) situada
en el extremo opuesto del imán reoge los fotones que vendrían uando se
sigue al Sol durante la otra hora y media al anoheer.
En la gura 3 se muestra un dibujo esquematizado de la ámara junto
on sus dimensiones.
Resultados
Datos tomados durante el año 2003
Durante el año 2003 la TPC tomó ∼ 783 horas de datos siendo aproxi-
madamente un 9% de ellas tomadas on el imán apuntando al Sol. Los datos
v
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Figura 3: Diseño esquemátio de la TPC de CAST.
reogidos durante los periodos de tiempo en que el imán no sigue al Sol son
posteriormente utilizados para estimar qué proporión del espetro de ener-
gías onstruido on los datos tomados durante el tiempo de alineamiento
son debidos al fondo ambiental. En este año iniialmente ambos espetros,
el de alineamiento on el Sol y el de fondo, eran inompatibles y por tanto se
llevaron a abo varias hequeos para omprender el origen de diha disre-
pania. Finalmente se pudo probar que una fuerte dependenia de los datos
on respeto a la posiión de la TPC dentro del área experimental fue la
ausa de diha disrepania.
Un fondo efetivo fue onstruido usando solo aquellos datos que habían
sido tomados en la mismas posiiones que los de alineamiento, siendo además
pesados de manera adeuada on la exposiión relativa de ada una de estas
posiiones.
Comparando el espetro de alineamiento on el de fondo para los datos
tomados en la zona de la TPC expuesta a los rayos X provenientes de las
apertura el imán, se vio que eran ompatibles y por tanto no apareió señal
de axiones alguna por enima del fondo. Esto heho quedó onrmado de
manera uantitativa on el resultado del test de hipótesis nula,
χ2nula/d.o.f = 18,2/18. (1)
Esta ausenia de señal permite la obtenión de un límite superior para la
onstante de aoplo axión-fotón, que fue alulada de una forma onservadora
tomando el limite que abara el 95% de la distribuión de probabilidad
Bayesiana, on una funión previa para g4aγ onstante y positiva. El límite
así obtenido on los datos tomados por la TPC durante el 2003 es,
gaγ(95%C.L) < 1,55× 10−10GeV−1 para ma . 0,028 eV, (2)
que aparee dibujado on la línea azul en la gura 5.
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Como este resultado ha sido alulado usando un fondo efetivo, es de
esperar que esté inueniado por un ierto error sistemátio. Existe una zona
de la TPC en la que no se espera señal alguna ya que no está diretamente
expuesta a los eventos provenientes de las dos aperturas del imán. Es ob-
vio que en este aso los espetros de alineamiento y de fondo deberían ser
ompatibles, ya que en ambos asos solo están ompuestos por radiaión am-
biental. Para estimar un límite superior a este error podemos reurrir a los
datos tomados en esta zona. Variando artiialmente el espetro de fondo
hasta que el test de hipótesis nula, χ2nula, dé un resultado uya probabilidad
según la distribuión χ2 sea menor de un 5%, se puede alular el orres-
pondiente intervalo permitido de variaión de esta ota superior de gaγ dada
en 2, obteniendo en el aso de los datos del 2003 que diho intervalo es de
un 15%.
Combinado el resultado de la TPC on el obtenido on los otros dos
detetores de CAST se llegó nalmente la siguiente ota superior para la
onstante de aoplo axión-fotón,
gaγ(95%C.L) < 1,16× 10−10GeV−1 para ma . 0,028 eV. (3)
Datos tomados durante el año 2004
Durante el año 2004 la TPC pasó alineada on el Sol ∼ 203 horas, mien-
tras que aproximadamente 142 días estuvo tomando datos de fondo. Esto
signia que los datos de alineamiento tomados en este año fueron un fator
∼ 3 mas abundantes que en el 2003, y en el aso de los de fondo el fator
sube hasta ∼ 5. Estos datos fueron tomados de una forma homogénea en el
tiempo.
Como en el año 2003 los datos de la TPC estaban inueniados por una
dependenia on su posiión dentro del área experimental, en el 2004 se
siguió un estrito proedimiento de toma de fondo, de forma que todas las
posiiones de la TPC en el experimento ontribuyesen de la misma manera
al fondo total.
Por otro lado un blindaje pasivo diseñado y onstruido por el grupo de
astropartíulas de Zaragoza fue instalado este año alrededor de la TPC (ver
gura 4).
Diho blindaje está ompuesto, desde fuera haia dentro, por un apa de
22 m de polietileno que termaliza los neutrones de altas energías, seguida
de una lámina de 1 mm de espesor de admio que absorbe la mayor parte
de estos neutrones termalizados. Una pared de 2.5 m de espesor de plomo
atúa omo moderadora del ujo de rayos gamma de alta y media energía
que alanza el detetor, seguida nalmente por una aja de obre de 5 mm
de espesor, que atúa omo una aja de Faraday ofreiendo además soporte
meánio a toda la estrutura. Todo el blindaje está hermétiamente errado
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Figura 4: Dibujo mostrando las distintas apas que omponen el blindaje
instalado alrededor de la TPC durante el 2004.
por una bolsa de PVC que nos permite insuar la parte interna on gas
nitrógeno para limpiar este espaio de radón.
Graias al blindaje el nivel de fondo alanzado en el 2004 se redujo en
un fator ∼ 4,3 on respeto al aso de la TPC ompletamente desubierta,
siendo en promedio de (4,15±0,01)×10−5 cuentas/keV/s/cm2. También en
este año los datos tomados por al TPC en distintas zonas del experimento
presentaron un nivel de homogeneidad muy alto, demostrando así que el
blindaje es apaz de reduir en gran manera las preoupantes variaiones
que afetaron a los datos tomados en el 2003.
Tal y omo se hizo en el año 2003, antes de proeder al análisis de los
datos tomados en el 2004 es preiso estudiarlos por si hubiese algún otro
efeto sistemátio que difereniase el espetro de alineamiento del de fondo y
por tanto no podamos extraer el fondo durante los periodos de alineamiento
de este últimos. Para esto nuevamente se reurrió a los datos de la zona
de la TPC sin señal, y esta vez, tal y omo se esperaba, el espetro de
alineamiento era ompatible on el total de fondo dentro del error. Esto fue
viii
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así mismo onrmado matemátiamente mediante el test de hipótesis nula
al obtener:
χ2nula/d.o.f = 28,69/29. (4)
A la vista de este resultado vemos que para los datos tomados durante
el 2004 no hubo neesidad de onstruir un fondo efetivo ya que el blindaje
logró reduir las variaiones del fondo on respeto a la posiión.
Restando a los datos de alineamiento los de fondo, se ve que también este
año lo obtenido es ompatible on la hipótesis de ausenia de señal,
χ2nula/d.o.f = 18,67/18, (5)
de forma que nuevamente podemos dar una ota superior a la onstante
de aoplo axión-fotón de,
gaγ(95%C.L) < 1,29× 10−10GeV−1 para ma . 0,028 eV. (6)
Diho valor aparee representado por la línea roja en la gura 5.
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Figura 5: Gráa de exlusión (95% C.L) para los datos del año 2003 (línea
azul) y los del 2004 (línea roja) tomados por la TPC. También se muestran






The QCD theory, whih desribes the strong interations, suers from
the so-alled strong CP problem: the CP symmetry ould be violated by the
interations desribed by it, yet Nature has never exhibited this behaviour
in any experiment. The most elegant solution to this problem was proposed
in 1977 by R. Peei and H. Quinn by introduing a new symmetry in the
theory. Immediately and independently S. Weinberg and F. Wilzek realized
that, sine this new symmetry should be spontaneously broken, its appear-
ane on the theory should be aompanied by a new massless boson, the
axion.
Axions ould be a omponent of the non-baryoni matter of our Universe,
both as an aged reli oming from the early times of the Universe, or as a
new born partile in the ore of a star. Furthermore, in the former ase, the
density of axions in the Universe ould be enough for them to aount for
the ubiquitous old Dark Matter.
Sine axions were proposed, several ingenious and olourful tehniques
have ome out to join the rae on being the rst one on deteting these
intriguing partiles, being most of them based on the Primako eet, whih
states that axions an turn into photons, and vie versa, in the presene
of eletri or magneti elds. As an example, tunable mirowave avities
permeated with a magneti eld are waiting for the reli axions whih ould
ll our galati halo, while heliosopes trak our Sun expeting to detet the
axions that would have esaped from its ore. In a laboratory, these elusive
bosons ould be generated by means of a laser beam travelling along a strong
magneti eld.
The CAST (CERN Axion Solar Telesope) experiment belongs to the
axion heliosopes ategory. This experiment is built upon a refurbished 10 m
long twin aperture magnet, initially designed as a test of the tehnology used
for the LHC magnets, whih an reah a nominal magneti eld of 9 T. A
moving platform holds the magnet, allowing it to trak the Sun for ∼1.5 h
during the sunset, and just as muh during the sunrise. The working priniple
of an axion heliosope is illustrated in gure 6.
At both ends of the magnet, three dierent detetors are plaed to look
for any X-ray exess when the magnet is pointing to the Sun. Faing sun-
rise axions a small gaseous detetor with novel MICROMEGAS (miromesh
xi
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Figure 6: Shemati representation of the axion heliosope working priniple:
an axion oming from the Sun ore would be transformed under the eet of
a trasverse magneti eld into a photon whih will be further reorded by an
X-ray detetor.
gaseous struture) readout is plaed behind one of the magnet bores, while
in the other one a X-ray mirror telesope would fous the axion-onverted-
photons to a ∼ 6 mm2 spot on a pn-CCD detetor. The enhaned signal-
to-bakground ratio ahieved thanks to the use of this fousing devie sub-
stantially improves the sensitivity of the experiment. On the other magnet's
end, overing both bores, a onventional TPC (Time Projetion Chamber)
is looking for the X-rays from the sunset axions. The operation of the CAST
experiment is forseen in two dierent phases:
Phase I (ompleted): During the years 2003 and 2004 the magnet op-
erated with vauum inside the magnet bores, being sensitive to axions
with mass up to . 0.02 eV sine the oherene between the axion and
the photon elds inside the magnet for higher axion masses is lost.
Phase II: In order to restore the lost oherene the magnet bores are
lled with a buer gas, thus extending the sensitivity of the experiment
up to masses of ∼ 0.8 eV.
The aim of the present book is to summarise the work that has been
developed in the last four years to look for solar axions using the TPC X-ray
detetor of the CAST experiment. During this time the detetor has gone
under the ommissioning and fully operation stages, having provided already
results for both the 2003 and 2004 data taking periods.
In the rst part of this work the theoretial motivation for the axion,
together with its properties and its prodution mehanisms will be reviewed.
The seond part is devoted to the desription of both the CAST experiment
and the TPC detetor, in order to set the proper framework for the intro-
dution of the last part of the work where the analysis of the olleted data
will be explained, also quoting the results obtained.
xii
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In this hapter the origin of the Strong CP problem and the most at-
trative solution to it pointed out by R. Peei and H. Quinn in 1977 -from
whih the axion appears as a rst onsequene- will be studied. The dierent
axion models and properties are going to be mentioned, followed by all the
osmologial and astrophysial mehanisms involurated in the prodution
of this neutral boson. Sine the presene axions in the Universe nowadays
would have detetable onsequenes, the bound on its mass oming form
the lak of any positive osmologial or astrophysial observation of it will
be quoted. Finally, the wide range of original tehniques that have been
developed along the years to detet axions will be explained.
Very nie reviews on the matter exists already, (see for example [1, 2, 3℄)
and therefore here only a brief review on the matter will be given.
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1.1. The Strong CP problem and its solutions
1.1.1. The Strong CP problem
QCD is the universally aepted theory for desribing the strong inter-
ations, but it has one serious blemish: the so-alled Strong CP Problem,
whih will be desribed in what follows.
Before 1975, QCD was desribed by the Lagrangian:
L = − 1
4g2
TrFµνF
µν + q¯(iγµDµ −Mq)q, (1.1)
where q and Mq are the quark eld and quark mass matries, and:






λa = Gell−Mann matrices.
(1.2)
In the 1970s, solutions to the lassial eld equations in the 4 dimensional
Eulidean spae (instantons [4℄) were extensively studied, being found that
QCD has a very rih vauum struture beause of the existene of non-









being F˜µν = 1/2ǫµνρσFρσ the dual of the eld strength, lassies all these
degenerate vauum ongurations of the theory, whih thus are denoted by:
. . . | − 1〉, |0〉, |1〉, |2〉, . . . |n〉. . . (1.4)
Figure 1.1 shows a sheme of the degenerated vauum struture of the theory,
where every state is labelled by its Pontryagin index n. Sine a well-dened
gauge transformation G exists, whih shifts the onguration |n〉 into |n+1〉
for any n, the |n〉 an not be the properly dened vauum state of the theory.





whih maps into itself under G. In the literature, this state is quoted as the
Θ-vauum. A priori, the angle Θ is an arbitrary parameter of the theory,
whih an run from 0 to 2π. States of dierent Θ are the physially distint
vaua for the theory, eah with a distint world of physis built upon it.
By appropriate means the eets of this Θ-vauum an be reast into a
single, additional non-perturbative term in the QCD Lagrangian:




µν , Θ¯ = Θ + Arg detM (1.6)
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Figure 1.1: Cartoon of the potential for the QCD theory [5℄.
where M is the quark mass matrix. This extra term arises due to two
separate and independent eets: the Θ struture of the pure QCD vauum,
and eletroweak eets involving the quark masses, being both unrelated
ontributions, whih a priori have no reason to anel.
Suh a term in the QCD Lagrangian learly violates CP, T and P in
the ase of Θ¯ 6= 0, yet Nature has never exhibited this in any experiment.
Moreover, the value of the neutron eletri dipole moment depends on Θ¯,
and the present experimental bound [6℄ dN < 6.3× 10−26 e.cm onstrains Θ¯
to be less than (or of the order of) 10−10. The mystery of why the arbitrary
parameter Θ¯ must be so small is the strong CP problem.
1.1.2. Peei and Quinn solution
Various theoretial attempts to solve this problem have been postu-
lated [1, 7℄, being the most elegant solution the one proposed by R. Peei
and H. Quinn in 1977 [8℄. Their idea was to make Θ¯ a dynamial variable
with a lassial potential that is minimised by Θ¯ = 0. This is aomplished
by introduing an additional global, hiral symmetry, known as PQ (Peei-
Quinn) symmetry U(1)PQ, whih is spontaneously broken at a sale fPQ.
Tehnially, this new symmetry is not quite an exat one, but it is a pseudo-
symmetry, broken only by non-perturbative or instanton eets, and this is
why it works as desired. Immediately and independently, S. Weinberg [9℄ and
F. Wilzek [10℄ realized that, beause U(1)PQ is spontaneously broken, there
should be a pseudo-Goldstone boson, the axion (or as Weinberg originally
referred to it, the higglet).
Taking this new symmetry into aount, the QCD eetive Lagrangian
will be:
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where Ca and k are model dependent quantities and a is the axion eld. The
seond and third terms on the r.h.s of this Lagrangian amount to an eetive




The physial axion, of ourse, is dened as the exitation with its vauum
expetation removed:
aphys = a− 〈a〉. (1.9)
Then, in terms of this eld on has:
LQCD = Lpert − 1
2
∂µaphys∂







We see here thus how the presene of the extra U(1)PQ symmetry
1
has
eliminated the oending P, T, and CP violating Θ¯ parameter from the QCD
Lagrangian, replaing it by a dynamial eld: the axion.
1.1.3. Axions models
Visible axion models
In the original Peei-Quinn model, whih is a little bit dierent from
what it has been presented here, the sale of the U(1)PQ breaking, fPQ was
of the order of the eletroweak symmetry breaking sale. As it will shown in
the next setion, the oupling of axions to ordinary matter are proportional
to (fPQ)
−1
, and hene with their assumption of the value of fPQ, they would
be of the order of the typial weak-interation strength. This implies that
the axion should roughly be as visible as a neutrino.
Aelerator data soon ruled out this visible axion model (see [1℄ for some
examples). As there is no phenomenologial reason why the Peei-Quinn
sale fPQ ould not be muh higher, a new model was born, the invisible
axion, an extremely light partile with almost undetetable weak ouplings.
Invisible axion models
If the Peei-Quinn sale fPQ is to be split from the eletroweak breaking
one, some omplex salar SU(2)×U(1) singlet eld σ whih arries PQ harge
and possesses a vauum expetation value fPQ/
√
2 should be introdued, be-
ing the axion eld ontained on its phase. Two dierent models have been
postulated regarding the invisible axions between 1979 and 1981 (see [11℄
for a nie historial review on their birth), mainly diering in the trans-
formation properties of ordinary quarks and leptons under the extra hiral
1
Suh a global symmetry often arises in supersymmetri and superstring-inspired mod-
els in any ase.
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symmetry. The resulting axions from these models have dierent ouplings
to the ordinary fermions and photons.
The KSVZ axion: This model was rst presented by Kim [12℄ and
by Shifman, Vainshtein and Zakharov [13℄. Here the already known
quarks and leptons do not feel the PQ symmetry, but n new exoti
heavy quarks arrying PQ harge Xj , (j = 1...n), may be introdued
(in the very original model n=1). The only free parameter of the
model will be then fa = fPQ/N with N =
∑
j Xj (fa = fPQ in the
simple ase of having only an extra heavy quark). Thus, in this model
axions are entirely deoupled from the ordinary partiles and, at low
energies, they interat with matter and radiation only by virtue of their
two-gluon oupling, whih is generi for the PQ sheme. This model
belongs to the hadroni axions models ategory, beause the axion has
not tree level oupling with leptons.
The DFSZ axion: Invisible axions of this kind were rst suggested by
Zhitnitski˘i [14℄ in a not very diused paper written in Russian. Later,
Dine, Fishler and Sredniki [15℄, whom did not know about this former
paper, also presented this model. Here ordinary quarks and leptons do
arry PQ harge, so one neessitates on the theory two Higgs doublets
elds, Φ1 and Φ2, whih also ontains small omponents of the axion
eld. Sine the fermions in the theory do not ouple diretly to σ,
they feel the PQ breaking only trough these Higgs potentials. In this
model N is the number of standard families (presumably 3) and the
remaining free parameters are again the fa = fPQ/N and the new one
x = f1/f2.
1.2. Axion properties
If axions are found experimentally, the Peei-Quinn mehanism will be
proven. In order to searh for them, one must know how they ouple to
ordinary matter, their properties, and their prodution mehanisms. In what
follows their main properties will be reviewed.
1.2.1. Axion mass
Beause U(1)PQ suers from a hiral anomaly, the axion aquires a small
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(1 + z + w)(1 + z)
)1/2




where fπ ∼ 93 MeV and mπ= 135 MeV are the deay onstant and mass of
the pion respetively, and
z = mu/md = 0.553 ± 0.043,
w = mu/ms = 0.029 ± 0.0043
(1.13)
the quark mass ratios [18℄.
It is notieable that ma ∝ (fPQ)−1, so the larger the onstant fPQ, the
smaller the axion mass.
1.2.2. Axions ouplings to matter
The strength of the axion's oupling to normal matter and radiation are
given by the eetive oupling onstants gaγ , gae, gan,... for the oupling of
axions to photons, eletrons and nuleons. Expressions for suh ouplings
an be found in referenes [16, 19, 17℄. The triangle diagram oupling of
axions to gluons (gure 1.2), is the most generi property of axions, and
beause of this, axions neessarily mix also with pions.
Figure 1.2: The triangle loop of the interations of axions to gluons, where gs
is the strong oupling onstant, and ga the axion fermion Yukawa oupling.
The tree level oupling of axions to harged leptons is, however, optional.
In the hadroni models (KSVZ) there are no axion oupling to eletrons,
while in the DFSZ they do exist, and are of the same strength as the tree
level oupling to quarks.
As in the KSVZ model the hadroni axions do not ouple to the light
quarks at tree level, naively it should be expeted that the axion-nuleon
2
Following the notation in [17℄.
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oupling is suppressed. But this is not the ase, due to axion-pion mix-
ing mentioned before. Beause of this, the axion oupling to nuleons is
omparable for both models.
Muh of the same an be said for the axion oupling to photons, the one
used in CAST to searh for axions. Again two dierent eets ontribute to
it:










em a = gaγ E ·B a, (1.14)
where here F em is the eletromagneti eld strength tensor. This in-
teration is shown in the diagram refereed as ii in the lower part of
gure 1.3.
In DFSZ models, as the quarks and leptons whih arry PQ harges
also arry eletri harges, there is an extra ontribution from a triangle
loop (upper part of gure 1.3).
Figure 1.3: The two ontributions to the axion-photon oupling: the upper
one arrives from the oupling to fermions that arry PQ harge (DFSZ) and
the lower from the generi axion-pion mixing.
3
Again the notation in [17℄ is followed.
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where α is the ne struture onstant and z and w have been dened in
equation 1.13. Here E and N are the eletromagneti and olour anomalies
respetively, suh that in the DFSZ models their quotient is xed to E/N =
8/3. For the hadroni axions models, however, this quotient ould take
dierent values, aording to the ne tuning of eah model. Simple hadroni
axions models an yield E/N = 2 [19℄, in whih ase the axion to photon
oupling is strongly suppressed and may atually vanish. Quoting Kaplan
in [19℄: Suh a anellation is immoral, but not unnatural.
The oupling of axions to photons allows for the deay a→ 2γ as well as
for the Primako onversion
4 a ↔ γ in the presene of external eletri or
magneti elds.
The most important feature of all the axion ouplings (gaii) is that they
are proportional to (fPQ)
−1
or, equivalently, to ma: the smaller the axion
mass, or the larger the sale fPQ, the more weakly the axion ouples.
1.3. Axion soures in the Universe
1.3.1. Cosmologial axions
In this setion the axion prodution by osmologial mehanisms [2, 21℄
is reviewed.
Axion strings deay. In most axion models PQ symmetry breaking o-
urs when the omplex salar eld σ develops the vauum expetation value
fPQ/
√
2 (rst transition in gure 1.4). For this to happen, the Universe tem-
perature T has to ool down to the Peei-Quinn sale fPQ. In this stage
the eetive potential develops its expetation vauum value, but still has
rotational symmetry and thus the value of Θ¯ is not xed yet. Here the axion
appears as this massless degree of freedom Θ¯.
One intriguing onsequene of the U(1)PQ symmetry breaking is the ap-
pearane of axion strings as topologial defets [2℄. The ontribution to the
density of axions today Ωa oming from the string deay, depends ruially
on when ination took plae. If the reheating temperature is less than fPQ,
the axion eld gets homogenised during the proess, and these axion strings
4
Named after the analogous reation involving neutral pions whih was originally used
to measure the pion-photon interation strength [20℄.
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Figure 1.4: Evolution of the eetive axion potential as a funtion of the
temperature T of the Universe.
are blown away. If, on the other hand, ination ours with reheating tem-
perature higher than fPQ, it has no inuene on the axion prodution and
history and, therefore, for our purposes it is like ination does not our at
all.
In this ase the axion strings will radiate axions until T approahes the
QCD sale ΛQCD, when instanton eets start to play a role turning on the
axion eetive potential, and the axion adquires its mass (whih at T>>
it is very temperature dependent [2℄). This new transition is represented
in the last transition of gure 1.4. At this point eah string will beome
the boundary of a domain wall
5
, whih eventually will deay away as it is
unstable, ontributing this way also to the axion density.
In order to alulate the number density of axion prodution via axion
strings emission, the axion spetrum radiated by an axion string must be
estimated, and here is where the debate heats up. Battye and Shellard [22℄
found using omputer simulations that the dominant soure of axion ra-
diation are strings loops rather than the long strings, and that the axion
radiation is strongly peaked at wavelengths of the order of the loop size. In
their model the loop ontribution to the osmi axion density is [23℄:
Ωstringsh







Properly speaking eah axion string an beome the boundary of N domain walls, but
if N>1 there is a domain wall problem beause axion domain walls end up dominating
the energy density, resulting in a Universe very dierent from the one observed today[21℄.
Hene here it is assumed that N=1.
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Here Ωstrings is the ratio of the axion density ρa to the ritial density for los-





and the stated range reets the reognised unertainties of the osmi on-
ditions at the QCD phase transition and of the temperature-dependent axion
mass. The values of α and κ are not known, but probably 0.1 < α/κ < 1.0,
taking the expression in squared brakets to 0.15-1.83. On the other hand,
Sikivie et al. [24℄ found, using independent omputer simulations, that the
motion of global strings is strongly damped, leading to a at axion spetrum.
In this piture more of the string radiation energy goes into axion kineti
energy than in the previous one, so that ultimately there are fewer axions.
In their ase the axion density is [23℄:
Ωstringsh






Yamaguhi, Kawasaki and Yokoyama [25℄ had done omputer simulations
of a network of strings in an expanding universe, obtaining a result whih
lies between the former two. The ontribution from wall deays is probably
subdominant ompared to the string one [26℄.
Vauum misalignment. As mentioned in the previous paragraph, when
the temperature of the Universe approahes the QCD sale ΛQCD, the axion
eld aquires a mass. At time t1 so that ma(t1)t1 = 1, (whose orresponding
temperature is T ≃ 1 GeV [27℄), the axion eld starts to osillate in response
to the turn on of its mass (gure 1.5). While for T> ΛQCD all the values
Figure 1.5: Turn on of the axion eetive potential at T ≃ 1 GeV and the
initial value of Θ¯ at this moment.
of Θ¯ were equally probable, one the axion mass turns on the axion eld
beings to roll towards its nowadays value Θ¯ = 0 and, of ourse, overshoots
it. The axion eld osillations do not dissipate in other forms of energy and
hene ontribute also to the osmologial energy density today. The density
of axions produed by this vauum realignment mehanism is proportional
to the initial realignment angle, i.e., the angle Θ¯1 where the axion eld was
sitting for T> ΛQCD.
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Again the ontribution to the total axion density today in the universe
through this mehanism depends on ination ourring before or after the PQ
symmetry breaking. In the rst ase, the value of Θ¯1 is uniformly distributed
in the non ausally onneted volumes of the Universe, while ination has
the power to uniformise its value to the entire Universe, whih ould then
happen to lie lose to ero (see [2℄ for a long disussion on this). Therefore
ination ould have also suppressed this axion prodution mehanism.
The ontribution to the osmi ritial density by this mehanism is given
by [23℄:
Ωmish






Here the funtion F (Θ¯) aounts for anharmoni orretions to the axion po-
tential. In order to avoid ne-tuning of the initial misalignment onditions it
should be expeted that Θ¯21F (Θ¯1) ∼ 1, in whih ase we have that this axion
density ontribution would be of the same order as the one given by the ax-
ion strings deay as alulated by Sikivie et al. in equation 1.17. Battye and
Shellard alulation, on the other hand, yields a ontribution approximately
ten times larger than the vauum realignment, while Yamaguhi, Kawasaki
and Yokoyama's estimation over passes this one by a fator of ∼3.
Thermal prodution Sine the axion oupling to matter happen to be
proportional to (fPQ)
−1
, if fPQ is suiently small so that axion an inter-
at suiently strongly, they will thermalize in the early universe. Roughly
speaking, it an be said that when the reation rate Γ for a given proess
that reates and destroy a partile speie ours rapidly ompared to the
expansion rate of the Universe H, this partile speie will be in thermal
equilibrium. There is a time interval in the early universe, whih depends
on the main axion proesses onsidered for the alulation of Γ, where these
ondition in fullled and axions are in good thermal ontat with the uni-
versal plasma. Then, when the ondition Γ & H is not satised anymore (Γ
is strongly temperature dependent), thermal axion deouple while they are
still very relativisti, and survive until today as thermal relis, muh on the
way as light neutrinos do.
Thermal prodution of axions was rst studied by Turner [28℄, whose
main onern was to study the possibility that a thermal axion density
greater than the one produed by the proesses mentioned before ould ex-
ist. Eventually he found this to happen for axions with fPQ . 10
8 GeV. In
his rst paper Turned onsidered the main axion reation and destrution
reations to be the Primako proess γ+ q ⇆ a+ q, where q is a light quark,
and photoprodution γ +Q⇆ a+Q where now Q is a heavy quark. Later
on he also inluded an axion-pion onversion N + π ⇆ N + a, where N is a
nuleon.
More reent reviews on the matter, onsidering dierent thermalizing
13
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proesses, have appeared. Massó, Rota and Zsembinszki [29℄ study proesses
oming from the oupling of axion to gluons, whih are model independent,
and nd that the ondition to have thermalized axions in the early Universe
is less restritive than Turner's one: fPQ . 10
12 GeV. Hannestad, Mirizzi
and Raelt [30℄, fous themselves in hadroni models and study the proess
π + π ⇆ π + a.
All models anyhow nd a present day axion density of thermal axions of
the order of 1 to 100 m
−3
, with the harateristi that:
Ωtheh
2 ∝ ma (1.19)
ontrary to the other two prodution mehanisms, where we were having:
Ωstring,mish
2 ∝ (ma)−1 (1.20)
If there are non-thermal axions in the thermalizing epoh produed by
the former mehanisms, they will end up thermalized as they will also inter-
at with the QCD plasma, and we will end up then with a single thermal
population of axions in the present epoh.
1.3.2. Axions as a Dark Matter andidate
Several fats, suh as galati rotational urves or the osmi mirowave
bakground anisotropies, hint the fat that most of the matter density of
the Universe today is omposed of a non-luminous and non-absorbing om-
ponent, alled Dark Matter (DM) [31℄. Its determining property is that it
does not emit any eletromagneti radiation, and therefore an be only in-
ferred by its gravitational eets. Two possibilities exist for the nature of the
DM: either it is like the onventional matter, i.e., made of atoms (baryoni
dark matter) but it has not yet been heat up enough to emit light, or it
is not-baryoni. As axions are bosons, we will only worry about this last
omponent.
The non-baryoni dark matter is usually divided in two groups: hot (rel-
ativisti on the onset of galaxy formation) dark matter (HDM), and old
(non-relativisti) dark matter (CDM). Axions ould aount for the two de-
pending on their mass, as it is shown in gure 1.6. If fPQ is so large (∼ small
mass) that they never reahed the thermal equilibrium, the thermal produ-
tion is suppressed and then the misalignment mehanism will take over. As
axions are not relativisti from the moment of their rst appearane at 1 GeV
temperature, they may be an important omponent of the CDM (depending
on the axion mass they may even be the main omponent). In this ase, as
it has been pointed out in the previous setion, the axion density is inversely
proportional to its mass, and this explains the behaviour of the left part of
the plot in gure 1.6.
If, on the other hand, the Peei-Quinn sale is small enough for the
axion to thermalize in the early Universe, a relativisti axion density would
14
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Figure 1.6: Lee-Weinberg urve for axions, where their density ontribution
to the DM is shown as a funtion of the axion mass.
exist today, whih ould ontribute to the HDM omponent. In this ase
the density of axions is proportional to the axion mass, whih will be of the
order of eV sine we are dealing with thermi axions. As CAST is sensitive
to axion masses of this order, it is also sensitive to hot dark matter axions.
1.3.3. Astrophysial axions
Axions an be also produed in the stelar plasma, although their pro-
dution rates and mehanisms are, again, very model dependent [32℄. In the
DFSZ model, where we have seen that axions an interat with harged lep-
tons, the dominant reation proess in low mass stars (main-sequene stars,
red giants, horizontal brah stars and white dwarfs) is the Compton and
bremsstrahlung proesses (see gure 1.7). The Primako eet, in whih a
photon transforms into an axion in presene of the utuating eletri eld
from the harged partiles of the hot stelar plasma, is ommon for both mod-
els and the only relevant proess for hadroni axions. In neutron star matter,
the most important emission proess is nuleon bremsstrahlung, NN→ NNa
again for both types of axions.
Primako proess
As CAST looks for axions produed in the ore of the Sun by this nearly-
model-independent Primako proess γ + Ze, e− → Ze, e− + a, lets have a
detailed look at it.
The Primako proess ross setion on a partile with harge Ze and








|Ka −Kγ |4 , (1.21)
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Figure 1.7: Axion emission proesses in stars. The ouplings to nuleons and
photons are allowed in the two axion models: DFSZ and KSVZ, while only
the former one allows the oupling to eletrons.
where Kγ ,Ka are the initial-state photon and nal-state axion momentums
respetively, and α is the ne struture onstant. It must be pointed out
that the vauum Primako ross-setion diverges logarithmially due to the
Coulomb logarithm. For massive axions, the partile mass provides a uto
for this divergene, but for the invisible axions model, with masses muh
smaller than the temperatures in a typial stelar plasma, the sreening or
orrelation eets (whih take into aount the harged media where the
interation takes plae) are the dominant ones to moderate this Coulomb
divergene. Thus, the Primako ross setion on a target Ze in a plasma
(dσγ→a/dΩ)plasma is given by the one in vauum (dσγ→a/dΩ)vacuum, (equa-
tion 1.21), orreted by a struture fator:
(dσγ→a/dΩ)plasma = (dσγ→a/dΩ)vacuum(Ka −Kγ + κ2). (1.22)








2)sun ∼ 12) (1.23)
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where T⊙ is the temperature of the Sun (∼1.3 keV in the solar entre) and j
runs over the ions and eletrons of the media, being nj their number density
and Zj their harge.
The onversion rate an be found by summing the ross setion over all
























10−15 s−1 for few keV energy photons (Sun).
(1.24)
The Solar axion luminosity an be alulated folding equation 1.24 with











Here R⊙ represents the radius of the Sun (R⊙ = 6.9598× 1010 m [33℄), and





whose value depends on the radial position within the Sun. κγ is the photon
wave number, whih is related to the plasma frequeny by the dispersion
relation:
E2 = κ2γ + ω
2
p, (1.27)
and L⊙ is the solar photon luminosity (L⊙ = 3.8418 × 1033 erg s−1 [33℄).
Given this luminosity, the total axion number at the Earth, whose average



















Old solar model Based on Bahall et. al. old standard solar model from
1982 [34℄, van Bibber et. al. [35℄ found a numerial result for the solar axion








4.02 × 1010cm−2s−1keV−1 E
3
keV
eEkeV /1.08 − 1 , (1.30)
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where EkeV = E/keV is the axion energy. This ux is represented with red
rosses in gure 1.8, being its average axion energy 〈Ea〉 = 4.2 keV.
In order to analyse the data olleted with CAST in 2003 the expeted
axion ux at the Earth onsidered was slightly dierent from 1.30, as it was
the one proposed in [36℄, however with a modied normalisation onstant to











eEkeV /1.103 − 1 . (1.31)
Also here the average energy is 〈Ea〉 = 4.2 keV.
New solar model Based on the new 2004 solar model given by Bahall
and Pinsonneault [33℄ G. Raelt and P. Serpio [38℄ have alulated numer-
ially again the axion ux as represented by the blue triangles in gure 1.8.
They nd that the funtion whih best ts the data is given by:
Figure 1.8: Numerial axion ux from the 2004 solar model [33℄ (blue trian-









6.020 × 1010cm−2s−1keV−1E2.481keV e−EkeV /1.205.
(1.32)
They also have alulated the axion surfae luminosity on the solar disk
ϕa(E, r) (with r = R/R⊙ the dimensionless radial oordinate), whih is the
18
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axion luminosity per unit square on solar disk, whih is shown in gure 1.9.
From here we see that indeed most of the axions are produed in the very






























Figure 1.9: Axion surfae luminosity of the solar disk, ϕa, as seem from
the Earth as a funtion of the axion Energy E and the dimensionless radial
oordinate r on the solar disk. The units are cm−2s−1keV −1 per unit surfae
on the solar disk (plot done by M. Kuster).
Other proesses
The Primako proess is not the only way through axion an be produed
in the Sun. It has been pointed out in [39℄ that this light partile ould be
produed by nulear M1 reations by means of the favourable reation:
p+ d −→3 He+ γ (5.5MeV) (1.33)
ourring frequently in the main solar reation hain, where the axion ould
substitute the photon.
Almost monohromati hadroni axions an be also produed in the solar
interior during M1 nulear transitions between the rst, thermially exited
state of 14.4 keV and the ground state of
57Fe, as pointed out in [40℄. In [41℄
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also the prodution of 478 keV monohromati hadroni axions is extended
to the de-exitation of
7Li, also present in the solar ore.
Hadroni axion ould also be produed in the Sun by the eletron-positron
annihilation proess:
e+ + e− −→ γ + a (511 keV). (1.34)
1.3.4. Cosmologial and astrophysial axions bounds
One the prodution mehanisms has been reviewed we know that if
axions exist, their presene in the Universe will be very opious. Beause
of this its allowed parametri spae for the onstant fPQ an be strongly
onstrained, sine their presene ould be detetable by several dierent
phenomena. In gure 1.10 the dierent onstraint mehanisms are shown,
together with the exlusion range for fPQ given by eah of them.
Figure 1.10: Astrophysial and osmologial exlusion regions (hathed) for
the axion mass ma or equivalently the Peei-Quinn sale fPQ. The dotted
inlusion" regions indiate the regions where axions ould plausibly be the
old dark matter of the Universe (from [23℄).
Lets start talking about the osmologial onstraints. In the situation
where ination takes plae after the PQ phase transition (onsidered the
ination senario in gure 1.10) the axion strings are blown away and
therefore will no ontribute to the axion density. In this ase only the axions
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reated by the vauum realignment mehanism are present today, being an
exellent andidate for the old dark matter of the universe. The ondition of
the axion density being the appropriate to aount for the old dark matter
of the Universe, is the one that sets an upper limit of ma < 10
−3
eV. This
inlusion area appears as the dotted band on gure 1.10.
If, on the other hand, ination took plae before the PQ phase transition,
to this initial misalignment population the axions from strings deay have to
be added (string senario on gure 1.10). In this ase anyhow it has been
mentioned that their ontribution for the total density has been debated over
the years being either equal to the misalignment one or up to ten times larger.
Now the ondition of these axions to be the dark matter of the universe sets
an upper limit on their mass ma < 2.5 × 10−3 eV and the requirement that
they do not over-lose the Universe (too muh dark matter ondition in
gure 1.10) implies the onstraint ma < 6× 10−6 eV in the former model or
ma < 6 × 10−5 eV in the later one [23, 21℄. It is beause of this that the
transition from hathed to dotted in the band is not xed.
Turning into astrophysial onstraints, we have that the strength of axion
interation with photons, eletrons and nuleons (or equivalently its mass in
eah ase) an be onstrained from the requirement that stellar evolution
time sales are not modied beyond the observational limits. The existene
of an axion would mean a novel energy-loss mehanism for stars. A possible
axion emission would arry energy away from them, produing an inrease
in the fuel whih the stars burn to ompensate the energy loss, thus speeding
up their evolution and therefore shortening their live time.
Both the Red giants and Horizontal branh stars from globular lusters
provide restritive bounds to the ouplings of axions to eletrons when they
are allowed (DFSZ models) and photons. In the former ase, a bremsstrahlung
proess like the one shown in gure 1.7 would delay the helium ash in the
Red giants' ore produing a inrease in its mass. Observations restrit
therefore the axion oupling to eletrons:
gDFSZae ≤ 2.5× 10−13 GeV−1. (1.35)
Conerning the axion to photon oupling, globular lusters stars provide its
most restritive bound shown in gure 1.10:
gaγ ≤ 0.6× 10−10 GeV−1 (1.36)
whih for the mass of the axion this onstraint is translated into ma ≤ 0.4 eV
for E/N = 8/3 as in the DFSZ model [23℄.
The axions produed by nuleon-nuleon-axion bremsstrahlung are bounded
by the SN 1987A signal seen by Kamiokande II and Irvine-Mihigan-Brookhaven
(IBM) water Cherenkof detetors. Axions would have arried away energy
from the ore and therefore aelerate its ooling down being the observable
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eet of this to shorten the neutrino burst. This sets a limit on the axion
pseudosalar Yukawa oupling to nuleons:
3× 10−10 ≤ gaNu ≤ 3× 10−7. (1.37)
The strong oupling side is allowed beause in this ase axions esape only
by diusion, quenhing thus their eieny as an energy-loss hannel.
In order to avoid exess of ounts in the water Cherenkov detetors also
the range
10−6 ≤ gaNu ≤ 10−3 (1.38)
is forbidden.
In terms of the Peei-Quinn sale fPQ/N the axion ouplings to nuleons
are gaNu = CNumNu/(fPQ/N) (Nu = n or p). Taking this into aount the
SN 1987A limit for the axion mass turns out to be:
ma ≤ 0.0008 eV forKSVZaxions
ma ≤ 0.01 eV forDFSZ axions.
(1.39)
It must be pointed out that for the DFSZ axions the value quoted is just
an approximation, as the limit an vary between 0.004 and 0.012 depending
on the angle that measures the ratio of the two Higgs vauum expetation
values [23℄.
The weak points of the supernova argument lie on the unertainties in
the alulations of the nuleon-nuleon bremsstrahlung in a hot and dense
medium, where many-body eets are important, and also in the unertain-
ties in modeling of supernovae.
All these observations and alulations leave only a small window from
µeV to deades of meV in the mass range for axions to exist, although it
must be stressed that both the astrophysial and osmologial bounds are
rather unertain, and have not stopped experiments to look for axions in the
exluded regions.
1.4. Axion searhes
Axions an be searhed for through dierent experiments, based mostly
on the axion-to-photon onversion. In what follows the dierent tehniques
will be reviewed, and the results attained from them will be quoted.
1.4.1. Searhes for osmologial axions
In order to detet osmologial axions two main tehniques have been




Optial and radio telesope searhes
Thermally produed axions with mass in the so-alled multi-eV range
(2-30 eV) aumulated in galaxies and luster of galaxies halos ould spon-
taneously deay into two photons: a→ 2γ. These ones would be monoener-
geti, with a wavelength λ given by the ultimate mass of the axion. Obser-
vations of three well studied lusters (Abell 1413, 2218, and 2256) at Kitt
Peak National Observatory [42, 43℄ in the range of 3,100-8,300 Å (whih
orresponds to axions masses from 3 to 8 eV) have not found suh a line,
exluding an axion-to-photon oupling onstant smaller than:
gaγ < 10
−10GeV−1. (1.40)
This limit is represented in the axion-to-photon oupling onstant versus
axion mass exlusion plot shown in gure 1.11.
Figure 1.11: Axion-to-photon oupling onstant versus axion mass exlu-
sion plot, where the exluded areas from the dierent experiments results are
shown.
Mirowave avity experiments
In order to searh for osmologial axions whih are andidates for the
old dark matter of the Universe, Sikivie [44℄ proposed a very interesting
mehanism using resonant avities. In gure 1.12 the shemati working
priniple of suh kind of detetors is shown. The basi idea underneath is
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Figure 1.12: Shemati priniple of the mirowave avity experiment to look
for old dark matter axions [44℄.
that ne-tuning the frequeny of the avity so that it mathes the one of the
axion eld (related to its massma), axions will onvert resonantly into quasi-
monohromati photons (see [45℄ for more details). The width of the peak
would represent the virial distribution of thermalized axions is the galati
gravitational potential, and also the signal may posses ner struture due to
axions reently fallen into the galaxy and not yet thermalized [46℄, as shown
in gure 1.13.
In the 80s the Rohester-Brookhaven-Fermilab (RBF) [47℄ and the Uni-
versity of Florida (UF) [48℄ experiments established the feasibility of the teh-
nique using small volumes (∼1 l) for the avity and HFET ampliers. Their
results were able to prelude, in the axion mass range of 4.5 to 16.3 µeV, an
axion to photon oupling onstant bigger than:
gaγ < 10
−12GeV−1, (1.41)
but still they were laking by 2 or 3 orders of magnitude the sensitivity to
searh into the theoretially motivated region in the axion parametri spae.
Seond generation experiments, where the sensitivity will be enhaned
thanks to the use of a novel tehnology for the ampliers, are already taking
data or being built. The AMDX experiment [49℄ is urrently taking data with
a similar improved tehnology as the preedent experiments, being sensitive
to an axion mass range of 1.9 to 3.3 µeV and having already exluded an






Figure 1.13: Left: Representation of the signal expeted in a miroavity
experiment. Right: Zoom showing the shape of the expeted peak showing the
ne struture details.
In order to further improve the sensitivity of these experiment so that
they will be able to searh into the theoretial motivated region, a new
tehnology to produe improved ampliers, based on the Superonduting
Quantum Interferene Devies (SQUID) is under R&D now.
Also a similar devie has been onstruted in Japan by the CARRACK2
ollaboration [50℄. They use a Rydberg atom single-quantum detetor that
has been already working for their prototype CARRACK1, being the data
still under analysis.
1.4.2. Searhes for Solar axions
As it has been mentioned in setion 1.3.3 axion ould be produed in
the ore of the Sun by the Primako proess, being the expeted spetrum
due to these axions on the Earth shown in gure 1.8. Two dierent types of
heliosopes have been built:
As it was pointed out by E. A. Pashos and K. Zioutas [51℄, solar axions
ould onvert into photons in the eletri eld reated by the atomi nu-
lei in well dened rystals. Due to the Bragg diration of the axions
in rystal layers, the expeted signal would have a well dened tempo-
ral struture that would make it learly distinguishable. Two dierent
ollaborations, COSME [52℄ and SOLAX [53℄, whih were using Ger-
manium detetors with the main purpose of searhing for Dark Matter
WIMPs, analysed also their data searhing for the expeted axion sig-
nal. Both of them were able to yield very similar mass-independent
bounds to the axion to photon oupling onstant in the absene of any
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signal:
gaγ < 2.7× 10−9 GeV−1 [SOLAX]
gaγ < 2.8× 10−9 GeV−1 [COSME].
(1.43)
The DAMA ollaboration [54℄ also ahieved the limit:
gaγ < 1.7× 10−9 GeV−1 [DAMA], (1.44)
using NaI(Tl) rystals.
The seond type of heliosopes, to whih CAST is inluded, provides
the axions oming from the Sun with a magneti eld, transverse to
their ourse, so that they are onverted in to-be-deteted photons.
The rst implementation of suh devie was done by D. M. Lazarus et.
al., [55℄ and was able to explore two regions of the axion mass range,
setting the following limits:
gaγ < 3.6 × 10−9 GeV−1 for ma < 0.03 eV
gaγ < 7.7 × 10−9 GeV−1 for 0.03 eV < ma < 0.11 eV.
(1.45)
A more reent experiment with improved sensitivity was performed in
Tokyo [56℄, being able to set the following limits:
gaγ < 6× 10−10 GeV−1 for ma < 0.03 eV
gaγ < 6.8− 10.9 × 10−10 GeV−1 for ma < 0.3 eV
(1.46)
1.4.3. Searhes for laser indued axions
Given the oupling of axions to photons, it is expeted that axions ould
be reated when a light beam (usually a laser) travels in a transverse mag-
neti eld. Two dierent kind of experiments prot from this feature.
Shining through the walls experiments
This experiment was rst proposed by van Bibber et. al., [57℄ in 1987.
The basi idea is that a laser beam propagates inside a transverse magneti
eld (with E || B), being bloked at some point of its path so that only
the axions reated before will be able to pass through this wall. For light
axions with m2al/2ω << 2π, where l is the length of the magneti eld, the
axion beam produed is olinear and oherent with the photon beam, being
the onversion probability given by P (a → γ) ≈ (1/4)(gaγBl)2. After, a
fration of these axions will turn bak into detetable photons, as they are
further propagated in the magneti eld, being the overall probability given
by P (a→ γ → a) = P 2(a→ γ).
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An experiment using this tehnique was performed using two magnets of
length l = 4.4 m and B = 3.7 T, exluding ouplings of [58℄






If axions are produed when a laser is propagated in a transversal mag-
neti eld, this ould aet the polarisation of the laser in two dierent and
observable ways, as it an be seen in gure 1.14.
Figure 1.14: Up: Linear Dihroism or rotation of the polarisation vetor by
and angle ǫ. Down: Linear Birefringene or indution of an elliptiity Ψ in
an initially linear polarised beam.
Dihroism If a linearly polarised laser beam propagates in the magneti
eld, the omponent of the eletri eld (E||) parallel to the magneti eld
(and only this omponent) will be depleted by the appearane of real axions,
resulting in a measurable rotation of the polarisation vetor by and angle ǫ.
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Vauum Birefringene In this ase, if some of the axions reated in
the previous step are onverted bak into photons, a delay will appear in
the parallel omponent of the laser beam to the magneti eld, being this
reeted in an indued elliptiity Ψ on the original linearly polarised beam.
Higher-order QED eets an also indue vauum birefringene in a laser
beam, having anyhow negligible eets on the dihroism.
A searh for both eets was arried out with the same magnets used in
the shining through the walls experiment quoted before [58℄, setting a bound
on the axion to photon oupling onstant of
gaγ < 3.6 × 10−7GeV (1.49)
for masses
ma < 5× 10−4 eV (1.50)
at 95% C.L.
Very reently the Italian PVLAS experiment (see [59℄ and referenes
therein) has been taking data to test the vauum birefringene in the presene
of a magneti eld with a 1 m long dipole magnet operated at a maximum
eld of 5.5 T, therefore improving the sensitivity of the previous experimen-
tal setups. For the rst time they have measured a positive value for the
amplitude of the rotation ǫ of the polarisation plane in vauum with B ≈ 5 T
(quoted with a 3σ unertainty interval) [59℄:
ǫ = (3.9 ± 0.5) × 10−12rad/pass. (1.51)
This signal would be translated on an allowed region for the mass mb and
the inverse of the oupling onstant to two photons Mb of a neutral light
pseudosalar boson:
2× 105 GeV .Mb . 6× 105 GeV
1 meV . mb . 1.5 1.5meV
(1.52)
As it has been seen, both astrophysial and experimental bounds on
the axion-to-photon oupling go far from this estimate. Anyhow, a reent
paper by E. Massó and J. Redondo [60℄ suggests that both results ould be
aommodated in models were axion-like partiles suer a strong interation
that traps them in the stellar plasma, or models where the axion-photon
vertex ould be suppressed in the solar ore.
Several experiments are already under onstrution in order to rosshek
their result like the one proposed by P. Pugnat el.al., [61℄ using a long LHC
15 m and B ≈ 9 T dipole, or the one proposed by A. Ringwald el.al., [62℄.
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CAST, The CERN Axion Solar
Telesope experiment
The CAST experiment uses a 10 m long twin aperture magnet as an axion
to photon onversor to detet the axions that ould ome from the Sun ore.
For this, the magneti eld should be aligned with its entre as muh time
as possible, thus requiring the whole experiment to be a moving struture.
The international CAST ollaboration is omposed by ∼70 sientist from 11
dierent ountries all around the world.
In this hapter rst the priniple of detetion will be point out. Then, the
CAST experiment together with its X-ray detetors will be reviewed. Finally
the experimental site and radioative bakground will be desribed. An
overall desription of the experiment an be found in [63℄ while ompanion
papers are devoted to eah of the detetors.
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2.1. Priniple of detetion
As it has been mentioned in hapter 1, the Sun would be a strong axion
soure, and a strong laboratory magneti eld ould be used to onvert the
axions bak into X-rays. The expeted number of these photons that reah





Pa→γ S t dEa, (2.1)
where dΦa/dEa is the axion ux at the Earth quoted in setion 1.3.3, S is
the magnet bore area, t is the measurement time and Pa→γ is the onversion
probability of an axion into a photon. If we take some realisti numbers
for one year of data taking in CAST (gaγ = 10
−10 GeV−1, t = 100 h and
S = 15 cm2) this number of photons would be nearly 30 events.










where B and L are the magneti eld and its length (both given in natural
units), and
q = m2a/2E (2.3)
is the longitudinal momentum dierene (or momentum transfer) between
the axion and an X-ray of energy E. The onversion proess is oherent
when the axion and the photon elds remain in phase over the length of the
magneti eld region. The oherene ondition states that [55, 65℄
qL ≤ π (2.4)
so that a oherene length of 10 m in vauum requires ma ≤ 0.02 eV for a
photon energy 4.2 keV. The ondition given in equation 2.4 an be obtained
having a look at equation 2.2, where qL is the produt of terms appearing
in the fration of the r.h.s, and involves both magnet harateristi in L and




When qL > π this fration tends to zero, thus turning the onversion prob-
ability inside the magnet negligible. In gure 2.1 we an see the number
of photons expeted in the detetor versus the mass of the axion. When
there is vauum inside the magnet we see that indeed for masses higher
that ∼ 0.01eV this number drops down rapidly.
Coherene an be restored by lling the magneti onversion region with
a buer gas [35℄ so that the photons inside the magnet pipe aquire an
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2.1. Priniple of detetion
Figure 2.1: Number of photons that would reah a X-ray detetor plaed at
the end of the magnet vs the mass of the inoming axion. The upper line
stands for the ase where there is vauum inside the magnet, while for the
lower one there would be helium at 6.08 mbar.
eetive mass mγ whose wavelength an math that of the axion. For an
appropriate gas pressure, oherene will be preserved for a narrow axion
mass window. as we an see in the lower line in gure 2.1. Thus, with the
proper pressure settings it is possible to san for higher axion masses. When
the magnet pipes are lled up with a buer gas, the transition rate Pa→γ







[1 + e−ΓL − 2e−ΓL/2cos(ql)]. (2.6)
Here Γ is the inverse photo absorption length for the X-rays in the medium.
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where ne is the number density of eletrons in the medium, me the mass
of this eletrons. The seond expression in 2.8 aounts for the dependene
of mγ on harateristis of dierent mediums: Z is the atomi number of
the buer gas, A its mass and ρ its density in g cm−3. Sine the gas whih








as the experimental measured parameters will be the pressure P and tem-
perature T of the helium inside the pipes.
Now the oherene is restored for a narrow axion mass window, for whih
the eetive mass of the photon mathes that of the axion suh that











whih brings the sensitivity of CAST with a helium buer gas up to an axion
mass of 0.82 eV for T = 1.8K and P = 60mbar.
The agenda of the CAST experiment foresees two phases in order to over
the wider range of potential axion masses:
First phase of CAST During the years 2003 and 2004 the CAST
experiment has gone through the so-alled rst phase, where the data
has been taken with vauum inside the magneti eld area, so that we
were sensitive to axion masses up to ma ≤ 0.02 eV.
Seond phase of CAST In order to extend the range of axion masses
to whih we are sensitive, the magnet pipes are lled with Helium gas
in phase II. This gas at a given pressure provides a refrative photon
mass so that the oherene of the photon and axion elds is restored for
a ertain range of axion masses. The seond phase of the experiment
is very hallenging beause, for the rst time, a laboratory experiment
will searh for axions in the theoretially motivated range of axion
parameters, as shown in gure 2.2, where the CAST prospets are
shown.
Data taking for this seond phase started at the end of 2005, with
low pressure
4He gas inside the pipes at 1.8 K, the magnet's operating
temperature. There is a limit in the pressure that we an reah with
4He before it liquees, so in order to be able to extend the mass axion
searhes up to ∼ 0.82 eV we will have to swith to 3He, whih has






























Figure 2.2: Exlusion plot in the axion parametri spae, where the CAST
prospets are shown in red. For the seond phase, the searh of axions with
ma between 0.02 eV and 0.8 eV will go in the theoretially motivated band.
For omparison other experiments previous results are shown.
2.2. Tehnial desription
2.2.1. The experiment
Figure 2.3 shows a shemati drawing of the CAST setup. The main
omponents are the LHC magnet, the ryogenis station and the platform
whih holds the magnet and guides its movement traking the Sun using two
motors for the horizontal and vertial movements respetively. A omplex
software alulates the position of the Sun in galati oordinates and guides
the magnet struture to follow it. The environmental parameters of the
experimental area and the magnet status are reorded every minute with
the help of a software program named Slow Control. In what follows all
these omponents are reviewed with some detail.
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Figure 2.3: Shemati representation of the CAST experiment.
A little bit of history...
In order to hek whether the high magneti elds needed for the Large
Hadron Collider (LHC) would be able to be reahed with reliable tehnology,
a set of test magnets were designed and built as a ollaboration between
CERN and the INFN (Italian institute for Nulear Physis). Two 10 m
long twin aperture dipoles inluding NbTi superonduting ables and 1.8 K
ryostats were order to an Italian industry. The rst of them, alled A1
was delivered to CERN in January 1994 and the seond one A2 in May of
the same year. These two prototypes sueeded all the stability tests, and
their harateristi parameters were within the auray required for an LHC
magnet [64℄. One the tehnology in these magnets was tested, they were
not needed anymore and thus they were deommissioned.
The possibility of using one of them as a host for the axion to photon
onversion was pointed out in [65℄. Eventually in April 2000 the CAST
experiment to look for solar axions using one of these LHC magnets (A2)
was approved by CERN and by November 2002 it was advaned enough in
its onstrution to be able to trak the Sun for the st time. In gure 2.4
we see a piture of the nal setup.
The magnet
The magnet is a straight twin aperture 10 m long dipole. It uses NbTi
superonduting ables to reate the magneti eld, whih have to the ooled
down to 1.8 K in order to reah the superonduting state. Figure 2.5 shows a
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Figure 2.4: Piture of the nal setup.
alulation of the magneti eld lines reated by suh assembly. Two parallel
Figure 2.5: Drawing showing how the superonduting ables loop around the
beampipes and the diretion of the eld lines.
9.26 m long pipes sustain the magneti eld inside. Together they present a
ross-setional area of A = 2×14.5 m2, being the aperture of eah of them
wide enough to over the potentially axion-emitting solar ore (∼ 1/10th of
the solar radius). A ross-setional view of one LHC magnet is shown in
gure 2.6. The maximum eld value safely reahed is 9 T, orresponding
to a urrent ow of 13,330 A through the superonduting ables. A whole
ryogeni plant [66℄ needed to support and maintain the operation of the
magnet was set up by reovering and adapting parts from the dismounted
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Figure 2.6: Cross setional view of an LHC dipole.
LEP ollider and the DELPHI experiment. Conneted to the right end of the
magnet in gure 2.4 the Magnet Feed Box (MFB) is plaed, through whih all
the ryogeni and eletrial feed is done to the magnet via 7 exible transfer
lines that onnet to the liquid helium supply, gaseous helium pumping group
and the quenh reovery system.
The wire that makes up the magnet an be subjet to some inuenes,
say for example magneti or mehanial, whih an ause loal dierenes
in its eletrial ondutivity. This will be translated into a hange in the
voltage of the magnet further deteted by its power system. This one will
trigger the disharge of large apaitors into the magnet, designed to raise
its temperature evenly in order to avoid loal hot spots whih ould burn
out the magnet. This overall heating then auses the helium to rise above
2.17 K where is not superuid anymore, ausing all the able to be normal-
onduting and unable to support the large amount of urrent for very long.
A quenh of the magnet refers to this proess of the ables beoming normal-
onduting. A quenh signal is triggered when the resistive transition of the
magnet is deteted, and produes the immediate ramp down of the urrent.
A big amount of heat is released on the proess, whih warms up the old
mass up to temperatures ∼40 K, making some part of the helium inside the
vessel to turn into gas. The gas pressure inreases and some part of it has
to be released to the atmosphere when it overpasses the seure limits. One
the equilibrium is reovered, the helium is again ooled down to its nominal
values of 1.8 K in a proess that an take from 6 to 8 hours.
A system of gate valves protet and are able to isolate the magnet bores
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from the detetors. In normal data taking they are open so that the hypo-
theti photon oming from the axion onversion inside the pipe an reah
eventually the X-ray detetors. But in the ase of a quenh or a detetor
malfuntion for example, this valves immediately lose, isolating the magnet
bores from the detetors and therefore proteting both of them.
Platform and motors
The magnet is implemented on a moving platform (gure 2.3) whih
allows us to align it with the Sun. The horizontal movement is arried
over the two rails shown in gure 2.3, with a overing range of 80
◦
, whih
enompasses nearly the full azimuthal movement of the Sun throughout the
year. The allowed vertial range of movement is only ±8◦ from the horizontal
due to mehanial onstraints in the magnet. Beause of this the maximum
time of alignment is approximately 3 hours per day (∼1.5 during sunrise,
and the same time during sunset).
Two motors, eah of them dediated to one diretion, move the platform
holding the magnet. An enoder system keeps trak of the position of the
platform in eah moment. Independently a system of angle enoders are
installed on the horizontal and vertial pivots of the magnet, giving also an
alternative measurement of its position.
This magnet moving system reeives instrutions from a software pro-
gram named traking software, responsible for direting the magnet to the
Sun or for any other movement in general.
The traking software
This program, written in LabVIEW programming language, performs
the following tasks:
Guiding the magnet when it is in the Sun traking mode.
Providing to the user an interfae to move the magnet to some input
position, whih an be both in enoder or galati oordinates.
Reording of some parameters of the experimental area, suh as the
temperature in the experimental hall or the value of magneti eld on
the magnet.
Produing daily les where all the information onerning the position
and movement of the magnet, together with the status of the parame-
ters reorded, are written with one minute frequeny.
When it is in the Sun traking mode, every minute it alls to an exe-
utable le based on NOVAS (Naval Observatory Vetor Astrometry Sub-
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Figure 2.7: Sreen shot showing the user interfae of the Traking program.
routines) [67℄ whih, taking as an input the loal time and date from the PC
1
,




5'E, 330 m above the sea
level) alulates the solar azimuthal angle and zenith distanes (AZ,ZD) for
the inoming minute. Then it performs a hange of oordinates to trans-
late these values into the loal enoder grid (Vx, Vy), whih are the ones
the motors understand, by looking up on an already pre-reorded table
Vx(AZ,ZD),Vy(AZ,ZD). Reading the atual values of the enoders it al-
ulates the speed that the motors have to take in order to arrive to the
position required in the following minute.
Given its importane, the table Vx(AZ,ZD),Vy(AZ,ZD) was onstruted
with the help of the surveyors from the EST division at CERN, who measured
the (AZ, ZD) oordinates for every point of a preise grid of magnet enoder
positions (90) with an auray of 0.001
◦
.
The overall CAST pointing auray is better than 0.01
◦
, as it an be in-
ferred from the study of the dierent possible error soures listed in table 2.1.
Twie a year, in mid-Marh and mid-September, the opportunity to verify
the pointing auray of the traking system omes out by diret optial
observation of the Sun, as it passes by a window in the experimental hall. If
the weather permits it, a speial software developed for the purpose, whih
1
The inauray due to the lok of the PC is negligible, as the system is heking
the time with two CERN servers, and a NTP daemon whih produes a ontinuous time
synhronisation to the order of 1 ns is always running.
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Unertainty of CERN oordinates ∼0.001◦
Interpolation of the grid measurements 0.002
◦ <0.01◦
Horizontal enoder preision ∼0.0014◦
Vertial enoder position ∼0.0003◦
Perfet linearity of motor speeds <0.002◦
TOTAL <0.01◦
Table 2.1: Possible error soures of inauray when pointing to the Sun.
takes into aount that the Sun is seen in an apparent position dierent
than the real one due to the refration of light in the atmosphere, points the
magnet to it. A webam equipped with ross-wires in ombination with an
optial telesope whih is aligned with the optial axis of the magnet, lms
during the movement allowing us to hek the preision of the traking by
having a lose examination of the images reorded. In gure 2.8 examples
of some pitures taken are shown
2
.
Figure 2.8: Left: One frame taken while traking the Sun. Right: Superpo-
sition of many frames (taken with lters). The ross indiates the entre of
the Sun as it is followed, whih is in good agreement with the image.
Slow Control program
The parameters being reorded by the traking software proved to be in-
suient to have a ontrol over all the eets whih ould inuene the data
olleted, and therefore the need of an extended reording beame apparent.
2
A movie of one lming session is shown in the following URL:
http://ast.web.ern.h/CAST/edited_traking.mov
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Figure 2.9: Sreen shot showing the user interfae of the Slow Control pro-
gram.
In late July 2003 a new program, written also in LabVIEW language, started
to run in a dierent PC from the traking one, with the only aim of ontrol-
ling these extra parameters. In the same way as the traking program, it
reates daily les where all the information reorded every minute is written.
The experimental parameters ontrolled are:
The temperature and pressure inside the ryostat and in front of eah
detetor.
The total load arried by eah of the two lifting sreens whih allow
the magnet to move vertially.
The position of the magnet in motor enoders and in the independent
angle enoders positioning system.
The ondition of the magnet valves (open or not), together with the
permission (or lak of it) to open then.




This program has the apability of sending warnings and alarms to a
dened set of phone numbers as SMS messages when one or several of these
parameters drifts out of they nominal value range.
2.2.2. The detetors
At both ends of the magnet four dierent detetors are plaed to searh
for the exess of X-rays from axion onversion in the magnet when it is
pointing to the Sun. Faing sunrise axions, a gaseous hamber with novel
MICROMEGAS readout is plaed behind one of the magnet bores, while in
the other one a fousing X-ray mirror telesope is working with a Charge
Coupled Devie (CCD) as the foal plane detetor. Covering both bores
of the other magnet end, a onventional Time Projetion Chamber (TPC)
is looking for sunset axions. A fourth rystal sintillator detetor was
installed during 2004 behind the MICROMEGAS to searh for high-energy
axions. In what follows these devies will be reviewed.
MICROMEGAS
The MICROMEGAS [68℄ (for MICROMEsh GAseous Struture) gaseous
detetor is sitting on the west side of the magnet (see gure 2.17), looking for
sunrise axions as shown in the right piture of gure 2.10. The detetor is
Figure 2.10: Left: The MICROMEGAS detetor sitting in the laboratory
benh, equipped with four eletroni ards and the gas pipes. Right: The
CAST magnet with the MICROMEGAS attahed to it.
fastened to one of the magnet bores in this end with the help of an aluminium
tube of ∼1m long and a ange. In order to ouple the detetor to the
magnet bore with a maximum transpareny to X-rays with the minimum
argon-isobutane (95:5) gas leak towards the magnet bore the solution of two
windows with a dierential pumping system between them was adopted.
Both windows are made of a 4 µm aluminised polypropylene foil, holding
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the one loser to the detetor a higher pressure dierene that makes it to
be glued to a stainless steel strongbak in order to make the system stronger.
The gas of the hamber leaks to the spae between the two windows, where
a lean pump removes it, being therefore the eetive leak to the magnet
really low (∼10−9 mbar l s−1). The detetor is enlosed in a opper Faraday
age to help eliminating any indued harges into the ondutive elements
of the detetor.
A ∼25 mm thik onversion gap (gure 2.11) lays between the window
desribed before (biased to -1200 V) and a metalli grid with ats as the
athode, namedmiromesh, and biased to -390 V. This miromesh is the very
Figure 2.11: Shemati view of the MICROMEGAS struture, where the
onversion and ampliation gaps are shown.
harateristi element of a MICROMEGAS detetor and plays an essential
role more than just being the boundary between the onversion and the
ampliation regions (see [69℄ for further details on this).
The ampliation region is only 50 µm thik from this miromesh to the
read out struture. The innovation of the CAST prototype is the introdu-
tion of a x-y struture in this read out pad: the harge is olleted on 192
X and Y strips of ∼350 µm pith, plaed all of them in the same plane. A
kapton substrate is doubly lad so the onnetions for the X and Y strips are
in dierent sides, passing through vias on the Y pads as gure 2.12 shows.
As a result of this the spae resolution of the detetor is very good, ∼100 µm.
With the given number and width of the strips, the ative area is ∼45 m2.
The detetor threshold have been proven to be below 0.6 keV by experi-
mental alibration in the Panter X-ray faility in Munih.
A Dotoral thesis [70℄ have been written about the MICROMEGAS de-
tetor installed on CAST and the results obtained with it from analysing the
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Figure 2.12: The two dimensional reading of the strips.
data olleted during 2003 and 2004.
The X-ray fousing system
On the same end as the MICROMEGAS, but on the east side of the
magnet, the system of the fousing X-rays mirror telesope oupled with a
CCD is plaed. This X-ray mirror telesope would produe an axion image
of the Sun by fousing the photons from axion onversion onto the X-ray
CCD (gure 2.13). The photons oming from an area of ∼15 m2 are foused
on a spot of 7 mm
2
, being therefore ompressed a fator ∼200. Beause of
this the signal to noise ratio is inreased by two orders of magnitude. Also
the data olleted on the rest of the CCD during the Sun alignment periods
an be used a bakground, reduing the systemati eets. The fousing
telesope eieny is ∼35%.
The Wolter I type X-ray mirror telesope of CAST is a prototype of the
German X-ray satellite mission ABRIXAS [71℄. It onsists of a ombination
of 27 nested, gold oated paraboli and hyperboli mirror shells with a fo-
al length of 160 m. The maximum diameter of the outer mirror shell is
163 mm while the smallest one is 73 mm. A spider like struture supports
the individual mirror shells on the front side, and divides the aperture of
the telesope in six setors. Given that the diameter of the CAST magnet
bore is 43 mm, only a fration of the full aperture of the telesope is used
and therefore only one of the six mirror setors is illuminated by the nearly
parallel X-ray beam oming from the magnet, as the telesope is mounted
non-entrally. As any ontamination and absorption on the mirror reetive
surfae would result in a degradation of the eieny, the whole system has
to be operated under vauum onditions (< 105 mbar).
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Figure 2.13: Left: The priniple of the Wolter I type telesopes. Right: The
X-ray telesope of CAST (X-ray fousing devie-pnCCD) as installed in the
CAST experiment.
The pnCCD detetor, on whih the X-rays are foused, is a prototype
developed for the European XMM-Newton X-ray observatory, and its opera-
tion priniple, along with its performane are desribed in detail in [72℄ and
the referenes therein. A thin (20 nm) uniform radiation entrane window
enables the detetor to reah an eieny of almost 100% over the range of
interest, sine it an work in vauum diretly onneted to the magnet vessel,
without the need of any additional window. The hip has a set of 200×64
pixels, eah of a size of 150×150 µm2, being its sensitive area 1×3 m2.
To redue the bakground level a shielding was installed both inside and
outside the detetor's vessel (gure 2.14). The shield onsists of a 2 m thik
layer of low ativity opper and a 2.2 m thik layer of low ativity, anient
lead enapsulated in opper. An additional 2.5 m lead shield is installed
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Figure 2.14: Left: Front view of the pn-CCD detetor vessel, showing the
hip (entre) and vauum omponents (right side of the image) Right: the
detetor with the inner shielding omponents.
outside the detetor's vauum housing.
The Time projetion hamber
The subjet of this work is the analysis of the data olleted with the TPC
detetor in 2003 and 2004, and this requires a omprehensive desription of
the detetor, a whole hapter (hapter 4) is devoted to it.
The Calorimeter
As it has been mentioned in setion 1.3.3 the Sun ould be also a soure
of axions with energies higher than the 1-10 keV standard range. In order
to searh for these high-energy axions or axion-like partiles a alorimeter
was installed in 2004, sensitive to axion-indued gammas in the range of
∼100 keV to ∼150 MeV. It should be pointed out that for axions of these
energies the oherene ondition given in equation 2.3 is preserved for higher
values of the axion mass ma as Ea takes bigger values.
The detetor (gure 2.15) is a large ylinder (45×50 m2, 0.64 g) of
inorgani sintillator rystal (CdWO4). It implements low bakground teh-
niques in its design (anient lead for the shielding, photomultiplier with low
40
K ontent in the glass, radon displaement by ushing N2) and uses a pow-
erful pulse shape disrimination tehnique for the data treatment, being able
to distinguish internal α deays, spurious PMT pulses and osmi neutrons
events from γ-indued events.
The detetor was installed on February 2004 behind the MICROMEGAS
one (gure 2.16) as the later is transparent to photons with energies higher
than a few tens of keV. It has been taking data till November, when it was
denitively dismounted. It should be mentioned here that it has been the
rst time that suh a high energy sensitive devie was plaed behind an axion
heliosope.
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Figure 2.15: A sheme of the design of the CAST high energy alorimeter.
2.2.3. Experimental site and radioative bakground
The CAST experiment is loated at one of the buildings in the SR8
experimental area at CERN, plaed at ground level. The lower part of the
walls around is made of onrete, while the materials for the upper part are,
however, very dierent: plasti in the north one, and onrete for the east
and south walls (gure 2.4). The inhomogeneity of the building materials
is evident, and it aets the data, as we will see later on the TPC data
analysis hapters. Sine this is an experiment at sea level, the environmental
bakground is abundant and very rih due to the osmi rays and the site
radiation. Simple requirements in the data olleted allow to eliminate via
oine uts the bakground ontribution due to harged partiles from the
osmi rays, α and β radiation. Therefore the main soure of bakground
for the detetors of the CAST experiment are the γ rays, to whih the X-ray
detetors would be in priniple blind, but that an generate X-rays via the
Compton eet with the materials surrounding the detetor, and neutrons,
whose signal in the detetors an mimi those from the X-rays.
By far, the most important ontribution to the bakground is the gamma
radiation oming from the radioative hains (uranium and thorium series)
and potassium-40 deay in laboratory soil, building and experimental ma-
terials. In 2004, a set of measurements to quantify the level of radiation
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Figure 2.16: The alorimeter installed behind the MICROMEGAS detetor.
(from 50 keV till 3 MeV) in the dierent zones were taken with a high pu-
rity germanium (HPGe) gamma spetrometer system [73℄. In gure 2.17 the
dierent positions in the experimental hall where these measurements were
taken are shown.
These measurements onrmed the three main omponents mentioned
before as the soures of the γ bakground, and also showed that the dierent
materials on the walls were making very dierent ontributions to the overall
level, as it an be seen in gure 2.18.
Radon is also present anywhere due to its gaseous nature, and its on-
entration an vary widely depending on auses suh as walls or soil proxim-
ity, ventilation, and atmospheri temperature, pressure and humidity [74℄.
Radon isotopes have a rather sort deay time (∼3 days the longer one), and
they have their origin on the radioative hains. The disintegration hain
of this material involves α and β emission and γ partiles due to the de-
exitation of its daughter nuleus. During 2005 the radon onentration in
the CAST experimental site was ontinuously measured in a point lose to









). Examples of the result from these measurements
are shown in gure 2.19. From these plots it an be seen that in summer
the average radon onentration was around 15 Bqm−3, although a lear
daily variation patten of even up to a 100% is observed. This behaviour
may be due to a poor air reyling during the night, together with the in-
rease of humidity and derease of temperature during the sunrise, whih an
make the radon onentration to inrease. On the other hand, the winter
measurements yield an similar average onentration with nearly no daily
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Figure 2.17: Positions in the experimental hall where the dierent γ rays
measurements were taken [73℄.
variations.
The neutron omponent of the bakground is below the level of the typ-
ial gamma bakground. Quantitative measurements of the neutron bak-
ground were performed also in the experimental site with a BF3 detetor,
showing a nearly homogeneous ux of 3× 10−2cm−2s−1. This value, and its
homogeneity, points out to a osmi soure.




Figure 2.18: Radioative level in dierent areas of the experimental hall [73℄.
Figure 2.19: Radon onentration variation during two dierent weeks, the
rst is summer (up) and the seond in winter (down) in the CAST experi-
mental area (plots done by E. Ferrer).
51
Chapter 2. CAST, The CERN Axion Solar Telesope experiment
52
Chapter 3
The Time Projetion Chamber
working priniple
A review on the basi proesses that take plae in this kind of gaseous
detetors will be helpful to understand the basi CAST Time Projetion
Chamber (TPC) features and design, and therefore will be desribed with
some detail in what follows.
In short, a harged partile or a photon in a TPC will ionise the gas
liberating eletrons (usually alled δ-eletrons in the literature), whih will
produe more eletrons with lower energy while drifting towards the ampli-
ation area. Here, the avalanhe proess will take plae, due to the high
eletri eld gradient in the area lose to the anode wires. Eletri signals,
that ontain information about the original loation and harge deposit of
the initial interation, will be generated in the wires due to the proximity
of these harges and proessed and reorded by the aquisition eletron-
is. A good text on gas-lled detetors is the one given by G. Rolandi and
W. Blum [76℄
In what follows these proesses will be reviewed with some detail, fousing
in the detetion of photons.
53
Chapter 3. The Time Projetion Chamber working priniple
3.1. Ionisation proesses
In general, it is the eletromagneti interation of the photons with the
media in their ight path the main proess that allows for these partiles to
be deteted [77, 78℄. The interation, unlike what generally happens with
an harged partile, will be usually a single loalised event. The total ross-
setion σ may be broken down into partial omponents as follows (negleting
Rayleigh proesses):
σ = σPE + σC + σPP . (3.1)
The individual ross-setions are related to the Photoeletri eet, the Comp-
ton eet and pair prodution respetively. The fator Z embodies the as-
sumption that all the atomi eletrons ontribute individually (and inoher-
ently) to Compton sattering. This will be true only when the photon energy
is muh greater than the K-shell ionisation energy of the atom. Here elasti
(Rayleigh) sattering has been negleted, sine it does not remove photons
from a beam unless ollimation is very ne. In gure 3.1 we have the total
ross setion for photons in argon as a funtion of the photon energy, to-
gether with the individual ontributions of the dierent proesses desribed.
As an be seen, at low energies, up to several keV, the dominant proess
is photoeletri onversion; them Compton sattering takes over, up to en-
ergies of a few hundreds keV, and at even higher energies eletron-positron
pair prodution is the most probable proess. As in CAST we are interested
in the detetion of photons with energies varying from 1 to 10 keV, the pho-
toeletri eet is the one that onerns us, and therefore the one that we
will review in detail.
Photoeletri eet
Photoeletri absorption is a quantum proess involving one or more
transitions in the eletron shells of a moleule. If we denote by Ej the energy
of a given shell j, photoeletri absorption in the shell an take only plae
for photons at energies Eγ ≥ Ej , being the inner most shells the ones to be
more likely involved in the proess. The absorption is maximum at the edge,
and then very rapidly dereases with energy. The absorption of a photon of
energy Eγ in a shell of energy Ej results in the emission of a photoeletron
of energy Ee = Eγ −Ej ; the exited atom returns to its ground state mainly
through two mehanisms:
Fluoresene: the transition of an eletron from an energy shell
Ei < Ej into the j-shell, with the emission of a photon of energy
Ej − Ei.
Auger eet: internal rearrangement involving several eletrons from
the lower energy shells, with the emission of an eletron of energy very
lose to Ej .
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Figure 3.1: Total photon ross-setion in argon versus its energy, and the
dierent ontributions
The fration of de-exitations produing the emission of a photon is alled
uoresene yield. For the K-shell, the uoresene yield inreases with the
atomi number. In argon, about 15% of the photoeletri absorptions are
followed by the emission of a photon [77℄. The seondary photon, emitted
at an energy just below the K-edge, has a very long mean free path for
absorption and an, therefore, esape from the volume of detetion. This
produes the harateristi esape peak of argon, at energy Eγ − EK.
δ-eletrons ionisation
One the photoeletri proess has taken plae, and the primary photo-
eletron and, if so, Auger eletron have been emitted, they both will start
to ionise themselves the gas in their enounters with the atoms in the media
as long as they have enough energy to do so.
These harged partile an interat in many ways in a gaseous or on-
densed medium, but from all the possible interations (strong, weak, et...)
only the eletromagneti one (Coulomb interations, bremsstrahlung, tran-
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sition radiation, Cˇerenkov) is the relevant one, as it is many orders of mag-
nitude more probable than the others.
As these eletrons propagate, their eletromagneti eld will interat with
the one in the atoms (A) in the medium, resulting in either ionisation:
e−A → e−A+e−
or exited states A∗, being this the metastable state of a noble gas in most
ommon drift hambers. It is a ommon proedure to have a mix of a
noble gas with a moleular additive alled quenher (see setion 3.3) and,
providing the exitation energy of A∗ is above the potential ionisation of the
quenher (B) we an have the following proess (Penning eet):
A∗ → AB+e−
The relative individual ontribution from all these ases to the nal
amount of harge is still in most ases unknown.
Statistis of ionisation
The average number of nal eletron-ion pairs that an be produed per





where W is the average energy to produe one single pair, whih depends
on the energy and nature of the inident partile as well as on the gas om-
position and density. As mentioned before, the energy W depends on the
ionisation and exitation mehanis, and it has to be determined by exper-
iment. For pure noble gases, W varies between 46 eV for He and 22 eV
for Xe; for pure organi vapours the range between 23 and 30 eV is typial.
Ionisation potentials of the atoms are smaller than W by fators that are
typially between 1.5 and 3, whih give us a hint of the energy that goes to
exitation.
There is a utuation assoiated with the number of eletron-ion pairs
reated in every interation of a single photon. A priori, suh parameter
would be expeted to be Poisson distributed, as it is the ommon assumption
to do for any variable that an only have disrete values. But experimentally
this was disovered not to be the ase. To quantify how far the variane of
the nal distribution is from the naive Poissonian one, the Fano fator F was
introdued. In a Poissonian distribution we know that the variane is equal
to the mean, whih in our ase would be nT . Then the real variane of the
distribution will be given by
σ = FnT . (3.3)
In gure 3.2 we an see two examples of the number of eletrons distri-
bution obtained for 3 and 8 keV photon interation on argon respetively,
simulated with Gareld program [79℄, whih uses Heed routines to alulate
the interation of the partiles with the gas [80℄. We see that indeed these
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Figure 3.2: Spread in the number of eletrons produed by the interation of
3 keV (left) and 8 keV (right) photons in argon simulated with Gareld [79℄
program. On the right plot we see also the ontribution from the esape peak.
distributions look like narrow large mean Poissonians.
In drift hambers the energy deposition will be related to the amount
of harge whih is reorded in the sense wires. Then, as it an be guess,
the energy resolution of a drift hamber is ultimately determined by this
fator F, as for the same deposited energy not always the amount of harge
gathered will be the same. F tells about the magnitude of this spread. It
has been seen that it an depend on the nature and energy of the inident
partile, as well as on the gas mixture and onditions [81℄.
3.2. Drift of eletrons and ions in gases
One the photon interation has taken plae and the seondary harges
have been reated, we must now study their drift due to the eletri eld E
applied. The behaviour of a drift hamber will depend on this proess, and
therefore we will study it with some detail.
The phenomenon that we want to desribe is the motion of eletron and
ion swarms through neutral gases when an eletri eld is applied. To ad-
dress this problem the kineti lassial theory based on the linear Boltzmann
transport equation is used. This an be done when the de Broglie wavelength
of the swarming eletrons is muh smaller that the spaing between atoms,
whih will be the ase until the gas reahes pressures of ∼ 100 atm. A nie
introdutory review on the matter is given by Kumar [82℄.
As in the CAST TPC there is not magneti eld applied, only the ase
B=0 will be developed, for further information the reader is again direted
to the referene quoted before.
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Drift and diusion of eletrons
If there were no eletri eld in the gas hamber, the harges produed
in the interation of the photon would quikly lose their energy in multiple
ollisions with the gas moleules and assume the average thermal energy
distribution of the gas. Simple kineti theory of gases provides the average
value of the thermal energy, ǫT = (3/2)kT ≈ 0.04 eV at normal onditions,
being the Maxwellian distribution of the energies given by:
f(ǫ) = C
√
ǫ e−(ǫ/kT ). (3.4)
If a eletri eld is applied, the free eletrons will ontinue to have a
nondiretional veloity v (and a dierent energy ǫ) but they will also exhibit
a drift along the eld diretion, with a muh lower mean drift veloity w.
As the eletrons are sattered on the gas moleules, this drift veloity will
derivate from the average, owing to the random nature of the ollisions, and
the swarm will show as a net diusion that inreases with time. Wagner
et al.[83℄ disovered that the value of eletron diusion along the eletri
eld an be quite dierent from that in the perpendiular diretion. The
determination of these parameters, drift veloity w and transversal and lon-
gitudinal diusion oeients DT ,DL, together with their relation with the
mirosopi parameters of the swarm, is of ruial interest on gas hamber
design and development. In this way, the spatial resolution of a hamber will
depend diretly on the value of DT , and its temporal resolution on DL. In
what follows how these swarm theories ope with the determination of these
parameters will be briey explained.
The probability of nding any eletron at loation r with a veloity v is
the quantity of interest as a starting point. As this quantity may well hange
over time, we must also onsider its dependene upon time t, f(r,v, t). The
Boltzmann transport equation states that:(
∂
∂t
+ v∇r + e
m
(E + v×B)∇v + Jf(r,v, t)
)
= 0, (3.5)
where J denotes the ollision operator. In swarms the phenomena are on-
trolled by ollisions between the harged partiles and the bakground gas.
Therefore interations between the partiles themselves play no role, as it has
been proven experimentally varying the harged partile densities by several
orders of magnitude and showing that the transport harateristis are not
aeted by this. Beause of this, the Boltzmann ollision operator an be
taken to be linear.
We an dene the density n(r, t) of harged partiles in the gas, and
it is straightforward to see that this parameter an be alulated from the





3.2. Drift of eletrons and ions in gases
The equation of ontinuity for n(r, t) provides the link between theory
and experiment. In its usual notation it is given by (providing that the
eletri eld is in the z diretion):
∂tn = −αn− w∂zn+DT (∂2x + ∂2y)n+DL∂2zn. (3.7)
Here α is the attahment oeient and represents, as it will explained later
with more detail, the rate of eletrons being lost beause of reombination.
This equation is just a representation of the evolution in spae and time of
the swarm of eletrons as it drifts towards the eletrodes.
Solving this set of dierential equations (3.5, 3.6, 3.7) would give us
the relation of the transport oeients with the mirosopi piture of the
system.
But this is not an easy task to do, and some approximations are required.










The lassial theory of eletron transport properties, that was widely
aepted until the late 1970s, was assuming that the eletrons were under-
going only elasti ollisions with the neutral moleules. In this ase, when
an eletron of mass m and a neutral moleule of mass M exhange a fra-
tion (∼ 2m/M ≪ 1) of their energy, even if the swarm is driven though the
gas by a strong eletri eld, energy and momentum gained from the eld
would be distributed in all diretions, whih has the eet of randomising
diretions of eletron veloity vetors v without signiantly altering their
magnitude. When the distribution funtion is isotropi in phase spae this
series of spherial harmonis should be rapidly onvergent and the two-term
approximation (lmax = 1) an be taken. Palladino and Saudolet [84℄ were
the rst ones to apply this formalisms to drift hambers. Just for illustration
purposes, the two-term derivation will be quoted here, giving the results that
an be attained.
Based on the onditions of the typial experiment setup, these two-term
theories are usually developed in the hydrodynami regime, where swarm
evolution is unaeted by boundary onditions and has no memory of its
initial onguration. This allows us to neglet the spatial and temporal
dependenies of f , regarding it as a funtion of veloity alone f = f(v).
The regime of elasti sattering, as well as good part of the regime inelasti
sattering an be desribed by two funtions: an eetive ross setion
1
σ(v) and the frational eletron energy loss per ollision λ(v). In the normal
working onditions of a drift hamber the energy of the eletrons due to the
1
This parameter is often alled the momentum transfer ross-setion
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eld is muh more higher than the thermi one and, as an approximation
also here we neglet their thermal motion. With all these assumptions the













where the total energy of the eletron is related to its instantaneous veloity
by ǫ = 1/2mv2. Figure 3.3 shows the energy distribution of these eletrons
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Figure 3.3: Energy distribution of eletrons moving in a gas where a eletri
eld E is applied (Calulated with Gareld).














where N is the number of atoms of the gas per unit volume.
As we have assumed an isotropi approximation the diusion oeient










3.2. Drift of eletrons and ions in gases
If we were alulating the eletri anisotropy of diusion we should retain in
the distribution f(v) its dependene on position.
As it has been said before, we must notie that this expressions de-
pend on the momentum transfer ross-setion σ(v) and on the frational
energy transfer λ(v), and therefore we should expet to determine then ex-
perimentally. But indeed it is simpler to determine from experiments the
drift veloity and the diusion oeients of a given gas, than to measure
its ross-setion. It is using the equations 3.10 and 3.11 that the ross setion
for given gases an be dedued. It has been found that this parameter varies
for some gases very strongly with the eletri eld, going through maxima
and minima (Ramsauer eet). This is a onsequene of the fat that the
eletron wavelength approahes those of the eletron shells of the moleule,
and omplex quantum-mehanial proesses take plae there. In gure 3.4
we an see the argon ross-setion as a funtion of the energy for the dierent
proesses that an take plae.
Figure 3.4: Argon ross setion as a funtion of the energy for the dierent
proesses that an take plae, as used by the Magboltz simulation toolkit
Soon it was realized that these approximations made this expression of-
ten hopelessly inadequate for many typial situations enountered in gas
detetors. Indeed, when two or more gases are mixed together, it has been
observed that the alulated eletron drift and diusion properties dier
from the measured ones although the gases separately an be aurately
desribed by a Boltzmann transport equation. Therefore nowadays it is
widely stabilised, that if high aurate (around 0.1%) theoretial values of
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eletron transport oeients are required, multiterm solutions of Boltz-
mann's equation are needed [85℄.
Also now a omputer toolkit alled Malgbotz [86℄ for simulation of par-
tiles swarms is gases is available. The Monte Carlo tehnique that this
software uses allows the solution of the transport equations to be indepen-
dent of the series expansions in Legendre Polynomials or Spherial Harmonis
required by analyti solutions of the Boltzmann equations. All eletron sat-
tering, exitation, ionisation and attahment are treated, and the auray
that an be attained is better than 1 % for the drift veloity and 2 % on the
diusion oeients, depending on how well the ross setion are known.
For example, the ross setion of argon used by this software is shown in
gure 3.4.
In gure 3.5 we an see the simulated (Gareld [79℄) interation of X-
rays in argon (Heed [80℄) and the onsequent drift of the eletron swarm
(Malgbotz [86℄)
Figure 3.5: Left: Interation and drift of a 4.5 keV photon in argon:CH4
(95:5) simulated with Gareld in interation with Heed (ionisation) and Mal-
gbotz (drift). Right: the same for a 3 keV photon.
Drift of ions
The drift of ions an also be desribed within the framework of the Boltz-
mann equation explained in the previous setion. But there is a ruial
dierene now, given by the fat that the mass of the ions this time is of
the same order as the mass of the surrounding atoms. Also the hemial
reations involved in their interation with suh atoms are dierent.
Ions in similar eld aquire, on one mean-free path, an amount of energy
that is similar to that aquired by eletrons. But a good fration of this
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energy is lost in the next ollision, and the ion moment is not randomised
as muh. Therefore far less energy is stored in the motion, and the energy
of ion will be mostly thermal. Also the diusion will be several orders of
magnitude smaller than that of the eletrons in similar elds.
The drift veloity is found experimentally to be proportional to the re-
dued eld E/p (eletri eld/pressure of the gas) up to high elds. It is





where wi is the average drift veloity of the ions. A onstant mobility is the
onsequene of the fat that, up to very high elds, the average energy of
ions is almost unmodied, whih of ourse is not the ase for eletrons, as it
has been explained.
In order to nd a expression that would relate the mobility µ with the
mirosopi parameters of the hamber a very simple model of ollision of
rigid spheres an be used. Applying the most basi kinematis to it [76℄ the
following expressions an be dedued:
Low eld: When the eld applied to the hamber is lower than the
one in whih the ion, over a mean free path, would pik up an amount













where m and M are the masses of the ion and the gas moleule respe-
tively. We see that for low elds it is harateristi of the mobility to
be independent of the eld strength E.








where the redued mass m∗ is given by 1/m∗ = 1/m + 1/M . In this
ase we see that mobility does depend on E as 1/
√
E.
Also this lassial argument leads to the following relation between the dif-







known as the Nernst-Townsend or the Einstein formula.
In gure 3.6 we an see the mobility of several speies of ions in argon for
E/N 10 Td (low eld). The solid line represents the expeted value assuming
the model where both the ions and the gas atoms are rigid spheres.
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Figure 3.6: Mobility of ions in argon at E/N 10 Td [87℄
Eletron attahment
During their drift, eletrons may be absorbed in the gas by the forma-
tion of negative ions. Whereas for noble gases ollisions energies of several
eletronvolts (whih are bigger than the energies reahed during the drift
is gas hambers) are required to form stable negative ions, there are some
moleules, often present in the gas as impurities, that are apable of attah-
ing eletrons at muh lower ollision energies. Among all the elements, the
largest eletron anities are found with the halogenides (3.1-3.7 eV) and
with oxygen (∼ 0.5 eV). Therefore we have in mind ontaminations due to
air, water, and halogen-ontaining hemials.
The rate of attahment is a very omplex quantity that will depend on
the mean energy of the eletrons (ǫ¯) and on the nature and onentration of
the moleular omponents of the gas. For example, the three-body O2 at-
tahment oeient involving the methane moleule is large enough to ause
eletron losses in hambers where methane is a quenhing gas. With 20%
CH4 at 8.5 bar, an oxygen ontamination of 1 ppm will ause an absorption
of a 3%/m of drift at a veloity of 6 m/µs.
In general, for the operation of drift hambers the absorption of eletrons
is a nuisane beause the signal is being attenuated. Therefore this eet is
always avoided as muh as possible using lean gases.
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3.3. Ampliation of ionisation
Phenomenology
Up to now we have a loud of eletrons drifting due to the onstant
eletri eld in the hamber. But to really detet the inident photon
we need to onvert them into an eletri signal, whih is not an easy task
to do, given the feeble nature of the eletron swarm. Beause of this an
ampliation stage is required where the number of eletrons is multiplied
by a fator that an osillate from 103 till 108 depending on the detetor. To
arhive this, these drifting eletrons are driven through an inreasing eletri
eld where they will aquire enough energy to start ionisation avalanhes.
The simplest and most used example of amplier is the proportional wire,
whih I will explain here in detail, as it is the one used in the CAST TPC.
It owns its name to the fat that the signal is proportional to the number of
eletrons olleted.
As an eletron drifts towards the wire it travels in an eletri eld whih







being λ the linear harge density and r the radial distane from the wire.
It is very lose to the wire when the eld starts to be radial and there-
fore the avalanhe develops in the very near viinity of the anode, being its
longitudinal extent typially of the order of 50 to 100 µm.
When the eletri eld that the eletrons feel is higher than a few kV/m
the energy that these ones an pik up between ollisions is enough to produe
inelasti phenomena, exitation of various kinds and ionisation, muh the
same as disussed in setion 3.1. In general the physial proess inside the
avalanhe are quite ompliated and not well known yet.
A very interesting role is played by the photons from de-exitations,
whih are as abundant as eletrons beause the relevant ross-setions are
of the same order of magnitude. Some of these photons will be energeti
enough to ionise the gas and that involves a very dangerous phenomena for
the proportionality of the avalanhe. If it happens that these ionising photons
travel further, on the average, than the original size of the avalanhe, then
the eletrons that they produe will eah give rise to another full avalanhe
and the ounter may break down. To absorb these far-travelling photons an
organi quenh gas is mixed with the noble gas. The moleules of this gas,
an be exited in rotational and vibrational modes, whih are radiationless,
opposite to what happens to a noble gas, where the only exitation modes
go through radiation absorption and emission. Therefore most of this energy
will be dissipated thanks to the addition of this organi vapour to the noble
gas, and therefore the proportionality of the avalanhe will be ensured.
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Ampliation fator
Now we are interested in quantifying the magnitude of the multipliation.
As desribed in the previous setion, the physis proesses involved in the
avalanhe are not well known yet and therefore there is not a mirosopi
expression that ould give us the number of eletrons that we will have at
the end per initial one. To alulate this a pure experimental parameter
was introdued alled the rst Townsend oeient (α). This oeient
represents the number of ion pairs that are being produed per eletron and
per unit of length. This being known, the inrease of the number of eletrons
dN per path ds will be given by:
dN = Nαds. (3.17)
The ampliation fator on a wire will be given by integrating this expression
between the point smin where the eld is just suient to start the avalanhe







where N and N0 are the nal and initial number of eletrons, and the ratio
N/N0 is alled gain (G). Expression 3.18 an be reast in a more onvenient
way if the dependene on the eletron path s is tranformed on a dependene
on the eletri eld E. In this ase smin will orrespond with Emin, whih is
the minimal eld to start multipliation, and orresponds with the energy
required to ionise the moleules divided by the mean free path between
ollisions. Therefore Emin will be proportional to the gas density. In this







In the ase of the proportional wire we know that the eletri eld is given







Therefore, if the dependene of the rst Townsend oeient with the eletri
eld were known for a ertain detetor onguration and gas mixture, it
would be possible to get an analyti expression for the gain. But in general,
as it has been explained before, no fundamental expression exists for α and
it must be measured for every gas mixture. In gure 3.7 we an see the
measured dependene of this oeient on the eletri eld divided by the
pressure of the gas. As it an be seen they are proportional, as the ionisation
ross setion goes up when the energy ǫ of the eletrons inreases.
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Figure 3.7: First Townsend oeient as a funtion of the redued eletri
eld for dierent noble gases [77℄
The Magboltz simulation toolkit mentioned in setion 3.2 an also al-
ulate the rst Townsend oeient given the gas onguration and the
eletri eld, although still the results obtained are not very aurate due to
the lak of understanding of the dierent avalanhe eets, mainly photo-
and Penning ionisation [88℄.
Statistial Flutuation of the gain
One the ampliation of the harge has been studied introduing the
gain of a gaseous detetor, some little attention will have to be paid to the
statistial utuation of this parameter, as this also will limit the ultimate
energy resolution apability of the detetor. If the approximation of every
eletron generating its own avalanhe independently of the presene of the
others near by is taken, then the distribution of the total number of ele-
trons at the end of the avalanhe an be given by adding up the probability
distributions P(n) of having n eletrons at the end of the individual little
avalanhes. There are several dierent models to determine P(n), and here
the most ommon ones will be quoted.
Yule-Furry Proess In this model we will assume that an eletron at
every moment an split in two, being the probability for the birth of another
eletron in any interval ∆t proportional to the number of eletrons n and a
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onstant parameter λ:
nλ∆t. (3.21)










where n¯ is its mean. The limit of n¯ → ∞, whih is quite appropriate for





with variane σ2 = n¯2. So we see that the Yule-Furry proess has an expo-
nential distribution, being the small signals the most probable ones and the
r.m.s width is equal to the mean.
This exponential distribution is observed in small eletri elds (see
Rolandi and Blum book for an example of experimental measurements) but,
for high values of E, the main assumption of this theory is not fullled be-
ause in this ase the instantaneous probability of ionisation does depend on
the previous history of the eletron, in partiular, on the distane r whih the
eletron has overed towards the anode after the last ionisation. To explain
the experimental results a new model was introdued by Byrne in 1962 [89℄
Byrne Proess To ope with the dependene on the distane to the wire
Byrne introdues a funtion θ(r) in the expression 3.21 of the probability for








The dependene on n in this ansatz represents the idea that a utuation to
large n in the rst part of the avalanhe redues the rate of development in
the seond part. Also a undened parameter b is introdued beause we will
be lead to a lass of distributions that inlude the Yule-Furry distribution
for b=1, and the strongly peaked around the media Poisson distribution for
b lose to 0.
If a reasonable assumption for the funtion θ(r) in given, the expression










where n¯ is the media, σ2 = bn¯2 the variane, and k=1/b-1. Dierent ex-
pressions for θ(r) will be reeted in a dierent value for the media of the
distribution. Here the asymptoti assumption n¯→∞ have been used also.
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This distribution is alled Polya or negative binomial, and as it has been
mentioned before, when b=1 it yields the expression 3.23, shifting to the
Poissonian distribution when b moves to zero.
The ratio that deides the distribution funtion of the nal number of





where E is the eletri eld, α the rst Townsend oeient and Uion the
ionisation potential of the gas. The average distane that eletrons an travel
between two suessive ionising ollisions is equal to 1/α by denition of the
rst Townsend oeient. Then E/α is the energy that these eletrons
an pik up in this distane. When this quantity is muh bigger than the
ionisation energy Uion of the gas we an say that the probability for the
reation of a new eletron does not depend on the previous history of the
eletrons whih are already in the media, whih is the ansatz for the Yule-
Furry proess. Due to the dependene of α with E (see gure 3.7) the ratio χ
usually dereases with inreasing E, and knowing this it an be understood
why the probability distribution orresponding to the Yule-Furry proess is
valid only for low elds strengths.
When the geometry of the avalanhe is driven by a wire we have a full
range of eld strengths. In this ase it an be expeted that the shape of
the distribution is determined mainly by the weaker elds at the beginning
of the avalanhe beause it is more inuened by the statistis of the small
numbers than by the intensity variations in the fully developed avalanhe.
Up to now we have been talking about single eletron distributions, but in
general we have N eletrons generated in the primary radiation interation.
The probability distribution of these N ions, F(N) is usually given by the
entral-limit theorem of statistis, provided this number N is large enough.
N will be given by the sum:
N = n1 + n2 + n3 + ...+ nk (3.27)
where eah of the independent variables ni has the distribution funtion P(n)
alulated before with mean n¯ and variane σ2. Then the theorem states that












with mean N¯ = kn¯ and variane S2 = kσ2.
If the energy resolution were a ruial point on the design of a gaseous
detetor, variable eletri eld in the ampliation zone should be avoided
and the eletri eld should be big enough to ensure the Poisson-like Polya
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distribution regime (b lose to zero), where the smallest varianes in rela-
tion with the mean an be ahieved. Indeed proportional ounters energy
resolution depends upon may fators inluding anode wire non-uniformity
(deposits on old wires), eletron attahment to gaseous impurities, amplier
noise and others. Of all these fators only statistial utuations ourring in
the number of primary ion pairs produed by the ionisation radiation (driven
by the Fano fator, see setion 3.1)and the number of seondary eletrons
produed in the avalanhe initiated by eah primary eletron fundamentally
limits the resolution, and an not be eliminated in priniple.
3.4. Creation of the signal
The moving harges between eletrodes of a hamber are the soure of
the eletri signal piked up by ampliers onneted to these eletrodes.
Therefore, the pulse signal is formed by indution, rather than the atual
olletion of the harges itself. Before the avalanhe, the total amount of
harge is negligible, and therefore is only when the avalanhe starts taking
plae that the signal indued in the eletrodes is above the eletri noise.
In general the read out area of a gaseous detetor is formed by several
eletrodes whih may be wires -as it is the ase of the traditional MWPC
(Multy Wire Proportional Chamber)- or, as it is the usual tendeny now,
stripes or pixels. Determining the signal that one moving harge indues
in this read out is a ompliated eletrostati problem whih is ommonly
addressed by means of the Ramo's theorem [90℄. It desribes the situation
where a harge Q is moving in the spae between several eletrodes, ausing
harges to ow into and out of the eletrodes, eah of whih is onneted at
some potential to an innite reservoir of harge. This theorem states that
the urrent i(t) indued by this moving harge Q in the partiular eletrode
i an be alulated by:
I(t)i = Q · EWi · v(t), (3.29)
where EWi is the weighted eld dened as the eletri eld alulated
with the eletrode i biased to 1 Volt and having the rest of the eletrodes
grounded. Its unity is [EW ℄= 1/m. Here v(t) is the drift veloity of the
harge moving in this eletri onguration. The prof of this theorem is
quite simple, and an be found for example in referene [76℄. It makes sense
that this expression is proportional to the harge as we know that in the
proportional mode the intensity(voltage) must be proportional to it. We see
also that the drift veloity of the harge plays a role in this expression, as the
faster the harge moves, the more pronouned the hange in the intensity
will be.
If now we take the situation where a pair eletron-ion is reated during
the avalanhe in the viinity on an eletrode, we see that the ontribution
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from the eletron to the intensity in this wire will be a very fast pulse as
it drifts very fast ompared to the one the ion. As the harge is the same
in the two ases, the area overed by eah ontribution to the pulse must
be also the same, but the ion one will be a very slow replia of the eletron
signal. Hene, as a general harateristi of gas hambers, the signal urrent
has a fast and large in V omponent due to the eletrons, superimposed to
the ion urrent with is muh smaller in V but orders of magnitude longer in
time. Sine the eletron omponent may be less than 1ns in duration, very
fast eletronis is needed to see it.
In the general ase we have a lot of ion pairs reated during the evolution
of an avalanhe generated by one single primary eletron, and depending on
the geometry of the drift situation, these ionisation eletrons may arrive to
the wire staggered in time. The resulting pulse will be a superposition of
many pulses displaed in time.
The alulation of the urrent Intensity evolution in a wire due to a mov-
ing harge by means of the Ramo's theorem is implemented in Gareld [79℄
toolkit, and therefore it an be used for eletri simulations.
71
Chapter 3. The Time Projetion Chamber working priniple
72
Chapter 4
The CAST Time Projetion
Chamber
The signal expeted in any of the CAST detetors is a low intensity pho-
ton ux at the keV level oming from the magnet bores. The TPC was
designed to have its maximum detetion eeny for these kind of events,
making neessary some original approahes in its onstrution. In this hap-
ter rst both the hardware (detetor and eletronis setup) and the software
(data aquisition and analysis) of the hamber will be desribed in detail.
Then, the haraterisation of the hamber will be presented, determined
from a set of extensive X-ray alibrations that over most of the CAST sig-
nal energy range. Finally a shielding built to redue and homogenise the
bakground level reorded by the TPC will be desribed.
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4.1. TPC hardware
4.1.1. Desription of the hamber
As it has been said, the properties of the signal expeted in the CAST
experiment are very spei and well dened. This led to a very harateristi
properties of the detetor, whih will be reviewed in what follows.
Due to the very low intensity of the hypotheti axion signal (a few tens
of events per year) it is mandatory in CAST to aumulate statistis for the
longest possible period of time. Therefore the CAST detetors are required
to have a robust and stable operation in time, together with good bakground
disrimination apabilities. As the energy spetrum of the signal goes from
1 to 10 keV, peaking at ∼ 4 keV, the detetors must also have a good de-
tetion eieny in this range, whih involves a low detetion threshold at
around 0.5-0.7 keV. Last but not least, the axion signal would be tradued
in a photon ux oming parallel to the magnet bore, and therefore a CAST
detetor must have enough position resolution to rejet the events oming
from other diretions dierent than this one.
In gure 4.1 we have a drawing of the TPC where its main omponents
an be seen. The material hosen to build the detetor was plexiglass due to
Figure 4.1: Left: General view of the dierent omponents of the TPC. Right:
Both side views of the TPC to illustrate the dierent dimensions.
its low level of radioativity. This material was previously measured at the
Canfran Underground Laboratory faility [91℄, nding it to have an ativity
level of <100 mBq/kg of 238U, <10 mBq/Kg of 235U, <5 mBq/kg of 232Th
and <30 mBq/kg of 40K. With the exeption of the eletrodes themselves,
plus the srews and the Printed Ciruit Board (PCB), all the hamber is
made from this material. The thikness of the plexiglass wall delimiting the
gas region is 17 mm. As the low energy X-ray photons would be stopped by
this material, the TPC side faing the magnet has two 6 m diameter holes
to allow the hypotheti signal to go into the hamber, overed with two thin
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aluminised mylar windows isolating the detetor from the magnet bores. The
material was hosen beause of its strength and high transpareny to X-rays.
Anyhow, to hold the ∼ 1 atm pressure dierene between the hamber gas
and the magnet bore vauum, the foil is strethed on a metalli strongbak
making the system more robust (gure 4.5). For alibration purposes three
round holes exists on the plexiglass wall, two of them faing these windows
on the bak of the hamber, while the third one is on a lateral side, being
all of them also proteted with thin mylar foils.
The gas inside the TPC has a onversion volume of 10×15×30 cm3, being
the 10 m drift diretion parallel to the magnet beam axis, and therefore the
setion of 15 × 30 cm2 perpendiular to it. These dimensions are by far
enough to over the two magnet bores, whih have a diameter of 42 mm
eah and their entres are separated 18 mm. This way a big amount of the
bakground radiation is deteted on the edges of the hamber and easily
rejeted oine by a duial ut.
The gas hosen to ll the onversion volume in the TPC is argon mixed
with methane as a quenher in a 95:5 proportion. A ontinuous ow of new
gas to the hamber with a 2 l/h rate ensures the gas purity, important for
the proper working onditions of the hamber, as explained in the previous
hapter. This mixture was hosen by its good detetion eieny for photons
in our range of interest. In gure 4.2 the mean free path of photons in several
gases at normal onditions, argon being among them, is represented as a
funtion of the energy of the inident photon. As it an be seen, there is a
maximum in this parameter when this energy is around 3 keV, whih is the
binding energy of the K-shell of the argon atom, and then dereases very
rapidly as the inident energy inreases. The hamber was designed with
suh a long drift longitude to have distane enough for most of these ∼3 keV
photons to interat and therefore not lose eieny in this energy range,
whih is lose to the peak of the axion signal spetrum.
The eletrostatis is driven by a drift eletrode loated on the inner side
of the hamber wall losest to the magnet, and by two athode and one anode
planes of wires plaed on the other end of the hamber, as it an be seen in
gure 4.1. The drift eletrode is an aluminium layer overing the plexiglass
and the mylar windows, biased at -7 kV. On the bak side of the TPC the
anode plane is also biased at +1.8 kV and plaed between the two grounded
athode planes. The rst athode plane is loated at 9 m from the drift
eletrode and at 3 mm from the anode plane, whih itself is 6 mm far from
the last athode plane. This asymmetry in the distane between the anode
and athode planes was designed on purpose to enhane the indued signal
from the movement of the ions produed in the avalanhe in the rst athode
plane, whih is the one being read out by the eletronis, together with the
anode wires plane.
Eah athode plane ontains 96 wires of 100 µm diameter eah (gold
plated tungsten) that run parallel to the narrower side of the hamber. On
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Figure 4.2: Photon mean free path in several gases at normal onditions
versus the photon energy Eγ .
the other hand the anode plane has 48 wires of 20 µm eah running perpen-
diular to the athode wires, and thus providing two dimensional information
for eah event. The distane between wires is in all ases 3 mm. Sine an
X-ray deposit in a gaseous detetor is a very loalised event, it will re only
up to ∼3 wires in the anode plane, ontrary to what happens in general
with a harged partile bakground. Figures 4.3, 4.4 show examples of suh
depositions for a bakground event (left) and for an X-ray (right). The plots
on gure 4.3 display the time evolution of the harge pulse generated in eah
wire for the row of anodes, while in gure 4.4 the same is shown for the row
of athode wires. The very harateristi prole of an X-ray event provides
the framework for a seletive analysis.
The linear eletri eld from the drift eletrode to the rst athode plane
is lose to 800 V/m and, in order to keep its linear shape even lose to
the edges of the hamber, several retangular (15 m × 30 m) rings at
intermediate voltages stepping from 0 to -7 kV are used, as it an be seen in
gure 4.5. From the rst athode plane to the anode one the eletri eld is
muh higher and starts having a radial prole at a few radius distane from
the anode wires, where the avalanhe starts taking plae.

























































































































































Figure 4.3: Time evolution of the harge pulse generated in eah wire of the
anodes plane as reorded by the ash-ADCs. On the left a bakground event
is plotted, while on the right a X-ray like deposition is shown.
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Figure 4.4: Time evolution of the harge pulse generated in eah wire of the
athodes plane as reorded by the ash-ADCs. On the left a bakground event
is plotted, while on the right a X-ray like deposition is shown.
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hamber to the one on the right in gure 4.5, where also the plexiglass walls,
together with the Printed Ciruit Board an be seen. On the right, a loser
detail of the inner part of this age is shown, where the rossed wires planes
and the alibration holes an be observed.
The TPC is attahed to the magnet by means of two himneys that
ouple it to the magnet bores. They are painted with blak paint so that
there is no external light going into the TPC. On the left gure of 4.7 we
an see an upper-view of the hamber oupled to these two himneys, and
on the right there is a view of the hamber attahed to the CAST magnet.
Figure 4.5: Left: piture of one of the windows that isolates the hamber
for the magnet bore. Here the metalli strongbak an be appreiated. Right:
detail of the plexiglass hamber age. In the front the eld-shaping rings an
be seen, together with the holes that fae the magnet bore and where the mylar
windows are plaed.
Figure 4.6: Left: TPC omplementary piee to the one shown on the left in
the previous gure. Right: detail of the wires and the alibration hole.
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Figure 4.7: Left: Upper view of the hamber where the two himneys that
onnet it with the magnet an be appreiated. Right: TPC attahed to the
magnet.
4.1.2. Front-end eletronis
The front end eletronis for the CAST TPC onsists on 144 independent
hannels. Eah of them takes the data through three basi units, as shown
in gure 4.8: a harge sensitive amplier/shaper, an FlashADC (Analog to
Figure 4.8: Shemati diagram of TPC signal proessing [92℄.
Digital onverter) hip, and a digital iruit whih an perform the pedestal
subtration and zero suppression on the digitalised data. These two last
features are arranged in the same hip, alled ALTRO (ALICE TPC Read-
Out) and developed at CERN for the ALICE experiment [92℄. The same
modules have been used in the HARP and CERES (NA45) experiments at
CERN. A ard alled FEC (Front End CARD) ontrols 48 ALTRO hips
and therefore the CAST TPC makes use of three of them in order to proess
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the 144 dierent hannels.
Preampliers
The proessing of the raw signal indued on the wires starts in a set of
4-hannel ALCATEL SMB302 preampliers/shapers ( PASA, Pre-Amplier
Shaping Amplier) positioned on the same printed iruit board that sup-
ports the wires. They are based on a Charge-Sensitive Amplier (CSA)
whih integrates the pulse oming from the wire, being the voltage output
proportional to the harge with a onversion gain of 6 mV/fC. This output
goes then through a semi-Gaussian pulse shaper. This model was speially
designed for the analog read out of a TPC and for this it an provide fast
preampliation, shaping for tail anellation (to remove the long ontri-
bution of the ions drift to the signal that an introdue dead time in the
detetor), exellent base line restoration and of ourse stability under repet-
itive onditions.
A oaxial able using kapton as a insulator to shield the signal from
external interferenes drives the preampliers output signal to the next step
on the signal proess.
4.1.3. Eletronis general sheme
Figure 4.9 shows a logi sheme of the TPC aquisition system, whih
uses standard NIM and VME eletronis. The signal ables oming from
the athode plane are diretly fastened to the FEC, while the ones arrying
the anodes signal stop before doing so in the trigger ard. Here these signals
are ompared with a given threshold value set by software. The total trigger
is built for the OR of all these signals and therefore always that the analogi
voltage pulse oming from an anode is bigger than this value, this ard
will send a trigger signal. The threshold during normal CAST data-taking
operation is safely set to a value that would orrespond to energy depositions
of about 800 eV in the gas onversion region. By doing this the eletroni
noise oming from the experiment an be prevented.
This raw trigger signal goes rst through a module whih ats as a dis-
riminator and onverts it to NIM standard. To build the eetive trigger
this signal is driven to a oinidene module, shown in the entre of the
sheme, where it an be vetoed by two dierent one-valued ags.
One of them omes from the VME busy ard (red signal in the sheme)
whih holds the ag to one when the system is busy proessing an event.
The other one omes from the VME Input/Output register (blue line),
whih ommuniates with the daq aquisition, allowing thus the user
to veto the trigger signal when neessary.
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Figure 4.9: Data aquisition eletronis for the CAST TPC.
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If the signal is not stooped in this oinidene module, it is direted to the
VME Clok/Trigger module, as it an been in the sheme (blak line). As
soon as it gets this ag, it sends a signal to the busy ard so that it starts
vetoing the new triggers while the event is being proessed by the DAQ,
and another one to the FEC for them to start proessing the data. It is
the DAQ omputer the one that, one the event is proessed and saved, will
send a signal to the busy ard to stop it from vetoing the new inoming
trigger signals. As it an be seen also on the piture, all there signals (raw
trigger, busy or eetive trigger) are being ounted in a VME saler so that
the eetive trigger rate or the dead time (given by the length of the busy
ag) an be known.
Data proessing with the FECs ards
One the FECs reeive the trigger signal from the Clok/trigger module,
they start proessing the pulse oming from the preampliers. As it has been
mentioned before, every single pulse goes through two hips, being the rst
one used to digitalise this analogi signal. The sampling frequeny is 10 MHz,
and the available range for the output in ADC units is a 10 bit-word, whih
orresponds to values from 0 to 1023. The time window for the sampling
is about 7 µs, whih is long enough to enompass the maximum drift time
of the hamber. The posterior digital treatment of these samples is done
by the ALTRO hip. The version of this hip used in the CAST TPC on-
tains 4 proessing hannels, eah of them performing pedestal subtration,
zero-suppression, formating, and data storage on a multi-event memory. Fig-
ure 4.10 represents a blok diagram sheme where this proesses are shown.
Figure 4.10: ALTRO blok diagram.
Pedestal subtration In the Pedestal Subtration Unit (PSU) any pos-
sible systemati instability on the baseline of the pulse is orreted by sub-
trating to the input data some values, alled pedestals, whih are stored
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on a look-up table (LUT). The hip allows this subtrated values to the ei-
ther xed or time dependent. In the CAST TPC, these values are onstant
and are stored in a register. In normal data-taking periods every six hours a
pedestal run is taken, where these xed values are realulated and overwrit-
ten. In these pedestal runs the trigger signal is generated by a random pulse
generator with a mean frequeny of 10 Hz. Meanwhile the I/O register sends
a veto signal to the oinidene module where the real trigger is stopped.
Beause of this the samples taken by the ADC will not, in most of the ases,
ontain any event information but just the noise level line. The pedestal
value of every hannel is dened then as these olleted samples mean, being
its 1σ error also stored. A pedestal run lasts around ∼ 20 se, whih is the
time needed to proess 1000 random trigger signals, so that their mean is
properly alulated.
Zero suppression In the zero-suppression unit (ZSU) the samples whose
value is lose to a xed threshold are onsidered as noise and therefore dis-
arded, mainly for storage reasons. Moreover, a glith lter heks for a
onseutive number of samples above this threshold to further prevent the
noise. In normal CAST data taking this threshold value is safely set to the
pedestal plus 10×σ, being σ the pedestal error as dened in the paragraph
above. In order to keep enough information for further feature extration,
the omplete pulse shape must be reorded and a sequene of pre-samples
(samples before the signal overomes the threshold) and post-samples (sam-
ples when the signal returns below the threshold) are also reorded, as shown
in gure 4.11. The ALTRO hip allows the storage of a number of samples
olleted previous to the trigger signal.
Figure 4.11: Sheme showing the samples being reorded.
Event buer The data format unit (DFU) is illustrated in gure 4.12. Due
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Figure 4.12: Data formating by the ALTRO hip used in the CAST TPC.
to the removal of a variable number of samples between aepted lusters
of samples, the timing information an be lost during the zero-suppression
proess thus making mandatory to inlude time information to eah aepted
set of samples. This is aomplished by adding to the data string a 10-bits
word time stamp whih denes the time distane of the last sample from the
trigger signal (e.g. T06 in gure 4.12). Sine both the samples and the
time stamp are enoded in a 10-bit word and therefore are indistinguishable,
an extra 10-bits word is added at the end of the luster, ontaining the
information of the number of words in the luster inluding itself and the time
stamp (e.g. 07 in gure 4.12). If these data are later on read bakwards it
will be straight forward to identify and separate every single luster.
One the total number of samples for the event has been proessed, the
10 bit-words are enoded into 30 bits-word, and two extra 32-bit words are
added at the end of the pakage, as it an be seen on the right part of
gure 4.12. The st one is fundamental to deode the data paket, as it
provides the position of the last 10-bit word in the data paket. The seond
trailer word ontains in the rst 16 bits a software identier, while a hardware
one ontaining the information of the hannel and hip addresses lls the
other 16 bits. Finally these data are stored in a multiple-event buer, a 512
words 32 bits wide RAM that an hold up to eight events.
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4.2. TPC software
4.2.1. Data aquisition
The aquisition software is TPCDAQ, a C-oded software running in a
dual proessor PC, whih uses a SBS BIt-3 1003 adapter on a ber-opti
link to the eletroni modules desribed before. Through it, TPCDAQ om-
muniates with the VME to ongure, initialise and ontrol these eletroni
modules. One a trigger is deteted, its task is basially to dump the on-
tents of the FECs onto disk, without further data treatment, so as not to
add any dead time. This way, per single run of the TPC, it produes two
les:
One of them, alled runxxxx (being xxxx the number dening the run),
whih ontains the raw data read from the FECs.
The other, named runxxxx.out, ontains the data read by the VME
saler.
TPCDAQ_auto, a sript written in Bash Shell language (for Linux opera-
tive systems), allows for a fully automati data taking protool, as the data
taking proedure an be ompletely dened there. As a rule, the aquisition
runs ontinuously without distinguishing data belonging to Sun-traking or
bakground measurements in order to avoid possible systemati errors. Dur-
ing 2003 and 2004 data taking, the aquisition runs were being stopped every
six hours to take a pedestal run in the ase of 2003, or a pedestal plus a two
alibration runs (one per alibration hole in the TPC) in 2004, and then
being resumed immediately after.
This program, TPCDAQ, maintains also a log le alled tpdaq.log
with information of every run, suh as the number of ounts taken, the time
of start and stop, or a user dened omment about the run. Figure 4.13
shows an extrat of it. Also this le will be used later on as a starting point
Figure 4.13: Extrat of the le tpdaq.log maintained by TPCDAQ in order
to keep information of every run taken by the TPC.
for the analysis program, as it provides information about the new runs being




As it has been mentioned before, the DAQ omputer has two proessors,
TPCDAQ using one of them, while in the other a monitoring C-ode software
named TPCQOD (TPC Quality Of Data) is running ontinously without
interfering with the aquisition (and therefore without adding dead time).
This program was developed with two main goals:
To perform on-line monitoring of the inoming data parameters to
hek its quality and detet possible problems in the aquisition.
To keep a history reording of some important DAQ parameters, suh
as TPC trigger rate or dead time perentage, so their evolution with
time an be followed.
For the rst task a set of histograms appearing in the omputer sreen
is ontinuously being updated with the inoming data from the detetor.
Figure 4.14 shows a sreen-shot piture as an example of this program output.
Features suh as the trigger rate, event distribution on the hamber, hits
Figure 4.14: Sreen shot showing the appearane of TPCQOD.
distribution on the anodes and athodes wires, energy distribution of the
inoming data, et... an help to ontrol the proper working of the hamber.
At the end of every TPC run a le is reated where all these plots are keep
so they an be ross-heked later on if neessary.
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4.2.3. Data analysis
In this setion the dierent steps that the basi data analysis software,
TPCANA, takes in order to extrat the signiant information from the very
raw data olleted in the detetor will be explained. This is a ode written
in C language, whih uses the libraries developed at CERN within the Root
toolkit framework. Root [93℄ is an objet-oriented data analysis framework
developed by René Brun and Fons Rademakers. Its aim is to provide the
sienti ommunity with a large sale data analysis and simulation toolkit
that would prot from the progress made in omputer siene over the past
15 to 20 years, espeially in the area of Objet-Oriented design and devel-
opment. TPCANA uses Root features in order to store the TPC proessed
data sine they are designed to optimise the spae used, and to plot the
variables that an be of interest in the nal analysis. A shemati overview
of the steps this software goes through is shown in gure 4.15.
Setxx.root
Fourth step
Perform high level analysis on the data
from the whole set
?
Setxx.root
Third step Create Set Root le where to store auxiliary data
?
RawDataXX-XX.root




Build hits and lusters in the event
Apply low level uts
?
Raw data (runxxx)
Figure 4.15: Shemati view of the TPCANA data analysis software
First step
In the rst step TPCANA searhes for the new data that has been ol-
leted sine the last time it was exeuted. All these new runs, exept the
pedestals and alibration ones, go then through the very rst stage of the
analysis. Here, for every event, some entities named hits that will help in
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extrating the meaningful information from the deposit left in eah wire are
built. As it has been explained in the previous setion, these harge pulses
are shaped by a preamplier and sampled by the FlashADCs. To assign
a unique harge and time to these deposits a parabola that ts the three
highest points of those samples is alulated, as shown in gure 4.16. The
Figure 4.16: ADC samples from an anode pulse (dots), and the parabola
alulated from the three highest points (line).
values (Time, ADC ounts) from the vertex of the parabola will orrespond
respetively to the time and harge of the hit. Furthermore, to alulate
its position a grid is onstruted using the fat that the distane between
anodes and athodes is the same. Thanks to this a oordinate system an
be build being this distane its length unit, and eah wire a basi integer
position. In gure 4.25 an example of this grid an be seen. Therefore the
position of the hit in this grid will be given by the number of the wire that
has been red.
One the harge, time and position of all the hits in one event are known,
we proeed to build a more sophistiated entity alled luster. Sine the
signal expeted in the CAST experiment is X-ray like, most of the analysis
is foused on the reognition of this kind of events over the rest, whih we
will all generially bakground in what follows. These lusters will help in
the disrimination of these kind of events over the bakground. A luster is
a group of hits with the following harateristis:
It will be formed gathering all the ontiguous hits whose time dierene
is less than 0.05 µs.
Its harge (in ADC ounts) is then dened as the sum of the harges
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(also in ADC units) from all these hits.
Its position is given by the harge-weighted mean of the hits position,
and therefore it an be a deimal number.
Its time, related to the trigger one, is alulated from the harge-
weighted mean of the times of every hit.
Of ourse the onstrution of this entities is performed independently on the
signal oming from the anodes and the athodes.
One important fator on the onstrution of the lusters is the assumption
of having a similar gain in every wire, whih most of the times is not the ase
for a TPC, mainly due to small geometrial and mehanial imperfetions
in the onstrution of the hamber. This is tradued in a dierent ACD
ounts to energy orresponding fator for dierent wires or, even, in dierent
positions of the same one. This eet an aet the energy resolution of the
hamber, making it worse by a ∼ 2-3%.
To orret it, the gain of every wire is measured independently by means
of a speial set of
55Fe alibrations, long enough to obtain a energy spetrum
per wire as seen in gure 4.17. This is done usually one per data taking
period, as the ondition of the hamber an hange when it is dismounted
from the magnet, whih is the ase during the shutdown periods. The peak
Figure 4.17:
55Fe alibration spetrum in one of the wires of the TPC.
orresponding to the 5.9 keV depositions of this radiation soure is tted with
a Gaussian funtion, being its mean µ in ACD hannel units the oeient
assigned to this energy.
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As mentioned in setion 4.1.1 there are two alibration windows in the
bak of the hamber, eah of them faing the windows on the other side of the
TPC to the magnet bores. This onguration allows us only to haraterise
the wires that goes through this windows as are the only ones being red
by the alibration photons. For eah one of these wires the oeient µi
is determined, going the dierenes observed in this values up to a ∼ 15%
of this value. If we bear in mind the TPC hamber design, we know that
every window is faing just a group of athodes and the mean µmean of the
µs measured from eah of these two groups of wires is alulated. These
parameters µi and µmean are stored in a le alled hannel_alibration.
Then, during normal data taking, the harge of every hit in a wire i is saled
by the fator µi/µmean. For the ones outside the windows, this fator is just
redued to the unity. For the anodes, as one same wire pass trough the two
dierent windows, the eet of the variation of the gain (∼ 3% ) with the
positions in a wire an be learly observed. Therefore, rst the mean of the
two oeients obtained for the same wire is alulated (µi)mean, and then
the mean µmean from all these independent wire values. One this is done,
to apply this fator to the measured data we proeed in a similar way as
done with the athodes: the harge reorded in every hit is multiplied by the
fator µi/µmean.
Sine already some proessed information per event exist, as a rst dis-
rimination proess, a set of low level uts is applied to the events. These
uts are:
Only the events that have a solely luster in the anodes and in the
athodes are kept.
The multipliity (number of wires red by the event) has to be in
between one and three wires in the anodes.
In the athodes, on the other hand, the multipliity will have to lie in
between two and eight wires.
The parameters of these uts have been determined experimentally from the
alibrations taken in the Panter faility (see setion 4.3). They are very
onservative in the sense that the eieny loss in signal detetion is very
small.
For the events that have passed the uts, the ruial information about
the luster (position, harge and time in both anodes and athodes), together
with some extra data, is stored in a Root struture alled tree whose basi
omponents are leaves. The purpose of this struture is to save data in a
very eient way, so that it does not use a lot of spae. One this rst stage
of the analysis is performed a Root le per every single run (see gure 4.18)
will have been reated.
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Figure 4.18: Basi Root le ontaining the information of a single run.
Seond step
For the TPC of CAST sets are reated to put together data taken under
the same experimental onditions, while these sets are later split in subsets
just for pratial reasons. In order to have the data from all the runs stored
together, the next step of TPCANA simply merges all this les runxxx.root
in a single one orresponding to every subset, alled RawDataXX-SS.root,
where XX denes the set number, and SS the subset one. Apart from the
fat that the number of events stored in this le is bigger that the one in the
les runxxxx.root, there is no further dierene between these les.
Third step
To analyse the data, apart from the raw runs olleted in the hamber,
some extra information in needed. For example, we must know when the
magnet is traking the Sun in order to distinguish the axion sensitive data
from the bakground or, in order to ontrol possible systematis, some vari-
ables related to the experimental hall must be arefully ross heked with
the data. Therefore the third step in the analysis is to read this extra infor-
mation reorded in the experimental site, plotting the temporal evolution of
the relevant variables for the TPC. All these graphs are stored in a folder
alled Slow-Control-Data, whih will be kept in a le reated also in this
step alled SetXX.root. Later in the analysis, this le will be lled also with
the output folders from the high level analysis. In gure 4.19 we an see an
example of several of the graphs produed by TPCANA with the data from
the Slow Control of the experiment, while in gure 4.20 we have a sreen-shot
92
4.2. TPC software
from the Slow-Control folder, where it an be seem all the graphs reated.
Figure 4.19: Several examples of the extra information taken from the Slow
Control program: a) Solar ag, that tells us when we are traking the Sun
(SF=1), b) Value of the magneti eld inside the magnet, ) Position of the
TPC in Galati Coordinates, d) Temperature/pressure of the gas inside the
TPC.
Fourth step
One the raw data taken with the TPC have been preproessed, and the
extra information from the experiment site needed for the analysis has been
read, we are ready to go for the last step of TPCANA, where the high level
analysis is performed. Here the events from the RawDataSS-XX.root le will
be read and proessed one by one.
High level uts First of all these events pass a new set of high level uts in
a sequential order. An index alled iut is assigned to eah event aording
to whih of these uts it has gone through; that is, iut will equal 0 if the
event an not pass the rst ut, iut=1 if it is stopped by the seond one,
et... These uts, given in the order to whih they are applied, are:
Cathode-anode lusters time dierene: The time dierene be-
tween the athode and anode lusters must be in the range -0.15 to
0.02 µs.
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Figure 4.20: Sreen-shot of the Slow-Control folder where all the experimental
parameters plotted by TPCANA are shown.
No saturation: We do not allow for a single hit in the athodes to
reah the upper part of the ash-ADCs dynamial range. If this were
happening we ould not then ensure that the energy assigned to the
event is the real one, beause the harge deposit on the wire has been
higher than the one the FlashADC an handle. The ut is applied only
to the hits in the athodes beause the gain for these ones is lower than
the anodes one so, even if the signal of the anodes is saturated, still the
one in the athodes an be used to alulate the energy of the event.
It is only when the athodes are saturated that the energy information
of the event fully loosed.
Anode-athode lusters harge ratio: The ratio of harge de-
posited in the anode luster to the athode one must be less than 1.6.
The number in these uts have been settled by studying the energy depen-
dent alibrations taken in the Panter faility desribed in the next setion.
The upper plot of gure 4.21 shows, for example, the result of plotting the
athode-anode time dierene versus the energy for every event.
As expeted, this number does not depend on the energy of the inident
partile, sine it is related to the drift time of the eletrons and ions, after the
avalanhe has taken plae, towards the anode and athode wires respetively.
This plot presents a double horizontal line pattern, although only the zero-
entred is the physial one. The fat that the line below is entred in 0.1 µse,
whih is the sampling time of the ash-ADCs, tells us about its artiial
origin. This one is due to a small mismath in the origin of the sampling
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Figure 4.21: Cathode-anode luster time dierene for the alibrations taken
in Panter, where the dashed lines represent the uts lines (up), and for 2004
bakground data (down).
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time for some of the events, given by the fat that the signal in the anodes
starts being reorded one FlashADC-step before the athodes one. But still
these events are signal for us, and this is why the gap for allowed time
dierene is asymmetri and does not over only the values around zero, as
we would have naively imagined attending only physial reasons. At low
energies (below 3 keV) the physial band is wider beause of the eieny
of the TPC being lower at these energies and, therefore, the bremsstrahlung
ontamination of the Panter beam, together with the bakground of the
hamber appears more evident.
In the lower plot of gure 4.21 we an see the same variable, now plotted
for the bakground data. For energies above 4 keV the data follows the same
pattern as the alibration one (we should not forget that these data has gone
through the luster ut already, being left only the X-ray like events) and
it is only below these energies where this ut plays an important role. The
origin of most of those low energy rejeted events lies learly in the eletroni
noise, whih produes random time dierenes and is more likely to our at
lower energies.
The ut to prevent the saturated events is not very strong beause the
gain in the athodes is very low, and therefore only a very small fration of
the events will reah this saturation level in the athodes.
The anode-athode harge ratio requires also a little bit more detailed
study. In gure 4.22 we have this parameter plotted for the Panter alibra-
tions (up) and for bakground data (down). As it an be seen, for the
alibration data this rate is always higher than 1.6, being thus this value the
lower bound established to rejet non X-ray-like events. But, having a look
at this parameter for the bakground data, again for low energies a band of
events for whih this quantity an have arbitrary values is seen, being this
one more the eet of the eletroni noise.
Indeed, if as a ross hek, the two variables (time dierene and harge
ratio) are plotted, eah of them after the other one ut (gure 4.23), we
see that mostly both variables are rejeting the same events, whih do not
follow any physial pattern. A real event
1
in the TPC would have to keep
this time and harge proportions, whih are determined solely by geometry
of the hamber.
Coming bak to gure 4.22, we should also observe that in the bakground
data, as the energy inreases, this ratio trends to derease. This is telling
us that the proportion anode ADC ounts to athode ADC ounts is being
loosed due to the saturation eet of the FlashADCs for the anode data,
whih are the one with higher gain.
Similar to what happened with the low level uts, these ones are very
onservative beause the eieny has lear preferene over the bakground
1
We must bear in mind that most of the bakground events in the TPC are environ-
mental X-rays and neutrons, whose signal mimi the former ones.
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Figure 4.22: Anode-athode luster ADC ounts rate for the alibrations
taken in Panter (lup) and for 2004 bakground data (down).
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Figure 4.23: Cathode-anode lusters time dierene, after the harge ration




level redution. In this sense CAST is a speial experiment due to the fat
that the signal is obtained subtrating the bakground energy spetrum from
the Sun traking one. Beause of this, the level of the bakground itself is
not really signiant as it disappears, and therefore we only have to are
about its statisti utuation. Sine this utuation sales with the square
root of the number of ounts, indeed the quantity that should be maximised




In gure 4.24 we an see the eieny in deteting X-rays of these high level
uts versus the energy of the X-rays alulated upon the Panter alibrations.
Bakground and traking data seletion The distintion between what
is Sun traking or bakground data was being done oine. A new ag alled
itype is assigned to every event, aording to whether it has been taken dur-
ing Sun traking (itype=1) or not (itype=0). The logi ondition for the
former ase is:
The Solar traking ag given by the magnet-ontrol software must be
one valued, whih means that the Sun is in a position on the sky where
an be reahed by the CAST magnet, say ± 8◦ around the horizon.
But we must also ensure that the magnet is indeed traking the Sun
by asking two parameters, the horizontal and vertial preision, to
be < 0.1◦.
Of ourse, sine the TPC traks the Sun during the sunset, while the
Miromegas and CCD do it during the sunrise, we must make sure that
for us the traking data are only the one olleted in the evening.
Chamber regions To make the data analysis simpler, the 2-dimensional
anodes-athodes plane in the hamber is logially divided into several regions,
and a new index named ireg is assigned to eah event, aording to the zone
it has hit. In gure 4.25 we an see a view of the anode-athode plane
of the TPC where these regions are drawn. The data orresponds to the
bakground events taken during 2003 after the uts.
The two irles over the area where the axion signal would be expeted,
beause it is the region faing the two magnet bores. This area is alled two-
windows zone. Surrounding it, there is a square-shaped region alled out
zone, where the events distribution is quite homogeneous. Finally, we have
the region that overs the edges of the hamber, where the rate of events is
muh higher than in the other two.
This last zone ats as a natural shielding, for a big part of the environ-
mental bakground will not travel to the two-windows area, but will interat
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Figure 4.24: Eieny of the high level uts of TPCANA
already there. For example, the mean free path in argon of low energy (less
than 3 keV) X-rays is less than one entimetre, and therefore all of them will
just interat as soon as they reah the ative region of the hamber.
Energy alibration The way of determining the energy of an event from
the ADC ounts was dierent in 2003 and 2004, and therefore both methods
will be explained in more detail in their respetive hapters. In short, in
2003 ontinuous measurements of the pressure and the temperature of the gas
inside the hamber were used to alulate its gain, while in 2004 experimental
alibrations were being taken every six hours.
Final output of the high level analysis Now that all the information
needed to lassify the events whih are left after all the uts is already stored,
dierent dependenes an be studied:
Rate evolution: To visualise the rate of events in the hamber versus
time an provide very useful information related to the proper funtion
of the hamber. In this sense this rate is represented for several time
bins, energy ranges, dierent level of uts, or dierent regions of the
hamber.
TPC two dimensional plots: This type of representation, of whih
gure 4.25 is an example, shows the event distribution on the ham-
ber, whih is also a dierent rosshek of the proper funtion of the
hamber together with a interesting soure of information for the nal
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Figure 4.25: Dierent hamber regions
axion analysis, sine in the ase of a positive signal, it should be learly
seen only in the two windows region.
Energy spetrum distribution plots: For the nal axion analysis
this representation is the most important one, as it is the one used
to look for a solar axion signal. Again this is represented for a wide
range of dierent irumstanes, as it an be solar traking or bak-
ground data, dierent uts or energy bins... et. As a subrange of
these spetral distribution the solar traking minus the bakground
data spetrum is alulated as a funtion of the energy. In the ase of
a positive signal, the solar axion energy spetrum should be left here.
What has been explained here is the basi ore of the analysis TPC data
software, TPCANA, whih was mostly developed for the time the rst data
started to arrive in 2003. As time was passing by, several features were added
to its basi output, although this will be explained in the following hapters,
where it orresponds.
4.3. Chamber haraterisation
In summer 2002 the TPC was transported and mounted at the PANTER
faility of the Max Plank Institute for Extraterrestrial Physis (MPE) in
Munih [94℄. This faility, designed for the alibration and haraterisation
of X-ray telesopes, provides a parallel X-ray beam with a very aurately
alibrated energy and intensity. Sine the signal expeted in CAST would
ome as a X-ray ux, a set of alibrations of the TPC with this beam an yield
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Figure 4.26: X-Ray beam of Panter, as seen by the TPC.
a very important information about the harateristis of suh a signal in the
TPC. Also some important features of the hamber, suh as the eieny
in X-ray detetion, the energy resolution and the linearity of the detetor
response in the whole range of energies of interest were investigated. As
mentioned in the previous setion, with the help of this data also the eeny
loss in the o-line analysis of the data was alulated (gure 4.24). As a
parallel issue, the transpareny to X-rays of the mylar windows was tested
to rosshek the urve provided by the fabriant. In gure 4.26 we an
see a piture of the X-ray beam in the TPC hamber. The x and y axis
orrespond to the grid onformed by the athodes and anodes wires, while
the olours just represent the number of photons deteted. The shape of the
TPC windows and their strongbak are learly seen in the distribution of
deteted events.
The eieny urve of the detetor has been determined by ompar-
ing the ounts deteted in eah orresponding run with the expeted rate
dedued from the alibrated PANTER detetor. The energies provided by
PANTER were: 0.3, 0.9, 1.5, 2.3, 3.0, 4.5, 6.4 and 8.0 keV. Due to the fat
that the beam omes ontaminated with a bremsstrahlung ontinuum for
the low energy ases (from 0.3 up to 3 keV), and the fat that the hamber
spetra shows the presene of a small amount of bakground and, in the
ase of high energies (from 4.5 up to 8 keV), a seond peak due to esape
in the argon, the preise ounts orresponding to the main peak have been
extrated by means of full ttings of the spetra. Examples of suh ts are
given in gure 4.27.
The result of this analysis is given in gure 4.28. Here the dots represent
the experimental values and the lines are theoretial omputations. The
thik grey line is a naive alulation of the eieny of the hamber where
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Figure 4.27: TPC spetrum for the 3 keV (left) and 8 keV (right) X-ray
energy of the PANTER tests. In both gures the line shows the ombined t
of the peaks plus bakground.
only the two main physial eets, i. e., the gas opaity to the inident X-rays
(remember gure 4.2) and the window transmission are taken into aount.
As mentioned in setion 4.1.1 the windows that isolate the TPC from the
magnet have a metalli strongbak to make them stronger. The geometrial
opaity of this strongbak is about 8% while the mylar foil is pratially
transparent for X-rays down to the keV energies (∼ 30% transpareny for
1 keV, ∼ 85% for 2keV and ∼ 95% for 3keV). The window transmission
ontribution is singled out by the thin blak line [95℄, so one an easily see
the ontribution of both eets separately. Also this transmission fator was
measured in Panter as it an be seen in gure 4.29, agreeing very well with
this theoretial alulation.
The measurements (blak dots) for eah tested PANTER energy losely
follow the values expeted by the window transmission omputation for en-
ergies below 3 keV, lying below the grey line for energies above 3 keV due
in part to the inreasing probability of emission of a uoresene photon
with energy, that would produe partial or split energy depositions in the
hamber, whih are rejeted in our o-line analysis. This loss of eieny
is aeptable beause of the high bakground redution obtained by this
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Figure 4.28: The dots represent experimental measurements of the eieny
of the TPC, before (blak) and after (white) the o-line analysis uts are
applied to the data. The upper thin blak line represents the theoretial om-
putation of the window transmission, while the grey line inludes also the
opaity of the gas in the hamber. The thik blak line is an analytial fun-
tion used to interpolate the experimental points in the nal analysis.
approah.
The nal o-line analysis (white dots) implies an additional loss of ef-
ieny of about 510% depending on the energy (gure 4.24). The thik
blak line is an analytial funtion used to interpolate the denite measured
eieny points. By onvoluting this funtion with the expeted solar axion
spetrum, we obtain an overall eieny for solar axions of 62%.
The PANTER data show also the linearity of the TPC response. The
position of the main peak versus energy for eah measured PANTER energy
point is plotted in the right plot of gure 4.30, and this veries the linearity
of the detetor gain. The points of eah set (two dierent days and therefore
dierent gas P and T onditions) losely follow a straight line, so the linearity
of the hamber response has been demonstrated down to the lowest tested
x-ray energies.
The run with the lowest available PANTER energy, 0.3 keV, proved that
the TPC was sensitive to these energies, although with a very low eieny
(for this run a speial lower trigger threshold was set in the aquisition
eletronis). The linearity of the detetor response is also preserved down to
these low energies. Although the sensitivity threshold of the TPC itself is
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Figure 4.29: Theoretial urve of the transpareny of the windows to X-rays,
onfronted with the experimental measurements.
about 0.3 keV, the eetive threshold during CAST data taking is somewhat
higher due to the presene of eletroni noise in the experimental area.
Finally, the energy resolution of the detetor an be extrated from this
body of data. The left plot of gure 4.30 shows the resolution in terms of
Full Width at Half Maximum (FWHM) versus energy.
4.4. Shielding
As desribed in hapter 2, the site bakground is mainly omposed of
Compton X-rays and neutrons. To redue the amount of deteted partiles
by the TPC from these two omponents, a shielding was designed by the
Partile Physis group of the Zaragoza University at the beginning of 2002.
Its design is the result of some simulations arried out to study the response
of the TPC embedded in the CAST hall to dierent shielding ongurations.
From inside to outside the shielding (see gure 4.31) was deided to be
omposed of:
Copper box, 5 mm thik: it redues the eletroni noise, as a
Faraday age, and stops low energy X-rays produed in the outer part
of the shielding by environmental gamma radiation. It is also used for
mehanial support purposes.
Lead wall, 5 m thik: To redue the low and medium energy envi-
ronmental gamma radiation. Later, in the data taking time, the width
of the lead wall was redued to 2.5 m due to mehanial onstraints.
Cadmium layer, 1 mm thik: to absorb the thermal neutrons
slowed down by the outer polyethylene wall.
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Figure 4.30: Left: Peak position in arbitrary ADC units versus energy. The
blak points and the white points were taken on two dierent days, showing a
dierent gain due to dierent atmospheri onditions. Right: Measurements
of the energy resolution of the TPC detetor in terms of the FWHM of the
peak for the energies of interest.
Polyethylene wall, 22.5 m thik: to slow the medium energy
neutrons down to thermal energies.
PVC bag: to over the whole shielding assembly. This tightly loses
the entire set-up allowing us to ush the inner part with pure N2 gas
oming from liquid nitrogen evaporation in order to purge this spae
of radon.
The mixed omposition, using both lead and polyethylene, was the best
option sine only one layer of lead would redue properly the gamma ux,
but would produe an inrease in the number of interating neutrons. This
eet an be seen in gure 4.32, where the number of deteted neutrons in
the region from 0.2 to 10 keV per simulated neutron
2
is represented versus
their initial energy. When there is no shielding surrounding the hamber
only the neutrons up to 6 MeV ontribute to the deteted rate form 0.2 to
10 keV, while for faster ones the hamber is transparent. A 5 m layer of lead
alone has the eet of inreasing the number of deteted neutrons for all the
energies sine it slowns down the higer energy ones, proving therefore that a
shielding should be designed arefully, as ertain ongurations an worsen
the bakground deteted in the hamber. On the other hand, a ompound
shield made of polyethylene and lead allows to redue the fration of neutron
2
During all the simulations an energy-averaged argon quenhing fator of 0.28 was used
for nulear reoils, whih was alulated using the Lindhard theory.
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Figure 4.31: TPC hamber inside the open shielding showing all the layers:
opper box, lead, admium and polyethylene.
events deteted in the region of interest for almost all the neutron energies,
as the polyethylene slows down the neutrons to thermi energies. In the
nal setup built surrounding the TPC a 1 mm thik admium layer, whih
presents a high absorption ross setion to thermal neutrons, was plaed
between the polyethylene and the lead to absorb these thermalized partiles.
Regarding the eet of the shielding for a simulated gamma bakground,
gure 4.33 shows a omparison between the photons deteted in the region
of interest for the naked hamber and the ones olleted using the shield-
ing. Below 1 MeV the ontribution of the gamma bakground in the shield
hamber virtually disappears, while for higher energies it is ∼ 2 orders of
magnitude smaller. It should be pointed out that in the ase of the naked
hamber, the fat that a fration of photons with energies > 50-100 keV do
interat is due to the thikness of the plexiglass box. The gas by itself should
be transparent for this energy range partiles, but the plexiglass slows them
down to the energy range where still there is some probability for them to
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Figure 4.32: Simulation of the number of neutrons that interat in the ham-
ber between 0.2 and 10 keV per neutron versus their initial energy. The
dierent urves orrespond to dierent shielding onditions.
give a signal.
One the nal onguration was deided, the shielding was built and
tested mounted around the TPC in summer 2002. At this time the TPC
was not yet in the magnet but being tested in one laboratory at CERN.
The integrated bakground level from 1 to 10 keV was measured to be of
2.00 × 10−4 ounts/keV/s /m2 with the naked hamber, being the eet
of the shielding to lower this value down to 2.37 × 10−5 ounts/keV/s/m2,
whih leads to a redution fator of ∼ 8. Therefore this test proved the
apaity of the designed shielding to redue the bakground level.
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Figure 4.33: Simulated gammas deteted with energies up to 10 keV per event
versus the energy of the inident gammas. The upper urve orrespond to
the naked hamber, while for the lower one a shielding made of 0.5 m Cu+
5 m Pb+ 20 m Polyethylene has been implemented in the ode.
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First TPC results: 2002 and
2003 data taking
After a ommissioning data taking period in 2002, the CAST experiment
started operating in May 2003, and kept doing so for nearly six months along
the year. During most of this time the TPC detetor was also operative,
attahed to the magnet bores. In this hapter, rstly, the dierent sets of
data gathered will be desribed, paying speial attention to any systemati
eets whih ould aet the data behaviour. After, the result on the axion
to photon oupling onstant derived from data identied as of good quality
will be presented [96℄.
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5.1. 2002 data: ommissioning period
In table 5.1 a summary of the rst two sets of data olleted mostly at
the end of 2002 is given.
Set number Date Comments
#1 08/10/02-27/11/02 Inhomogeneities in the data
ounting rate.
55
Fe alibrations taken regularly.
#2 28/11/02-14/01/03 Detetor standing in a table.
Homogeneous ounting rate.
Gas pressure and temperature
reorded.
Table 5.1: Summary of the sets aumulated during the 2003 TPC data
taking
During the time the set #1 was olleted, the TPC was attahed to its
position in the magnet bores, moving solidly with it. The exposure time was
∼ 30 eetive days, being a total of∼ 25 hours of them taken with the magnet
aligned with the Sun. As the axion signal would be ontained only in the data
olleted in this ondition, in what follows the energy spetrum omposed
with these data will be alled Sun traking spetrum. The rest of the data
will be represented in an independent spetrum alled just bakground.
The temporal evolution of the ounting rate an be seen in the upper plot of
gure 5.1, for those events belonging to a xed ADC range whih orresponds
roughly to the 3-7 keV energy interval. The rate of ounts aumulated in
this set exhibits big variations of up to 100 % in its level and, therefore, all
the possible dependenies with parameters related with the detetor and the
experimental area were studied to nd whih ones ould have inuened this
data behavior. It has been learnt in hapter 3 that hanges in the pressure
and temperature of the gas indue variations in the gas gain and, therefore, in
its eieny. In order to take this eet into aount,
55Fe alibrations were
taken every two or three days, being the data gain orreted aordingly.
However the variation remained, and thus it was thought that maybe a
more systemati gain haraterisation be needed for future inoming data.
For this, a thermoouple and a pressure gauge were installed on the hamber
at the end of this set, in order to have a ontinuous monitoring of the gas
pressure and temperature and dedue the gain value from them.
On the lower plot of gure 5.1 again, the ounting rate evolution is shown,
this time for the data olleted during set #2. During this seond part
the TPC was not attahed to the magnet anymore, but just standing in
a table under it. It was expeted that this data would shed some light
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Figure 5.1: Counting rate evolution for 5 days in set #1 and for the whole
period of set #2. Giving the dierent width of the two periods, the binning
in the plots does not math.
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on the problem of the instabilities of the ounting rate sine this time the
temperature and pressure of gas were arefully reorded. But in this set, in
spite of the fat that these parameters presented a similar behaviour than
to the previous one, the bakground showed this time a great stability in
rate. This eet hinted the possibility of the dependene being aused by
intrinsi inhomogeneities in the bakground of the experiment site, instead
of being due to gain hanges. Sine CAST is a moving experiment while it
traks the Sun, the TPC overs along this movement a very wide area of the
experimental site, being suseptible to the inhomogeneous bakground level.
But at that time it was impossible to prove none of this two options due to
the lak of external parameters reording.
5.2. Set of hourly alibrations
In order to haraterise the gain of the TPC versus the pressure and
temperature of the gas inside the hamber, a set of hourly alibrations where
taken during 5 days in January 2003, together with a systemati reording
of these two parameters of the gas. In gure 5.2 we an see the evolution
of the
55
Fe peak in ADC hannel units (up) together with the variation of
the T/P parameter (given in Kelvin/hPasals units) during these ve days
(down).
From these plots it is lear that there is a very strong orrelation between
these two variables, as it is widely known to happen in drift hambers. In-
deed, this dependene should be proportional to [76℄:
Gain ∝ exp (kT/P). (5.1)
To extrat the value of the proportionality onstants in equation 5.1 for the
partiular ase of the CAST TPC, the
55
Fe peak evolution in ADC hannel
units was represented versus the variation of the T/P parameter, being the
result tted with the funtion 5.1. The best t values obtained were:




For the 2003 data analysis this dependene was used to determine the
gain of the hamber, and for every event, the energy was being obtained from
the value of its harge in ADC units, orrelated with the value of P and T
of the gas in the moment when the event was taken by equation 5.2.
On January 14
th
2003, the TPC was ompletely disonneted from he
magnet and taken to the workshop in order to be heked and kept in a
lean environment till the data taking would be resumed.
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Figure 5.2: Up: T/P quotient evolution. Down: Evolution of the
55
Fe main
peak in ADC units during the same period
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5.3. TPC 2003: Continuous data taking
5.3.1. 2003 data taking
Experiment performane
In mid-April 2003 the whole CAST set up was nally ready to begin a
systemati data taking. The TPC was fully operational again on the magnet
sine the last week of April, and its rst solar traking run of the year was
taken on May 1st. Having learnt from the experiene in 2002, a ontinuous
reording of several parameters related to the experiment and the detetors
were performed, sine the Slow Control software (see setion 2.2.1) started
running in the experiment.
During May all three detetors were taking data, but at the end of the
month a problem of gripping in the magnet lift mehanism beame apparent
and magnet movement was nally stopped on May 31st. Engineers at CERN
were onsulted about the problem beause unfortunately the personnel re-
sponsible for the design and assembly of this mehanism had left CERN in
2002. The expert advie reeived was that the mehanial movement system
of the magnet was over-onstrained, being these onstraints translated into
lateral fores on the lifting mehanism. In order to resume data taking in
a short time, the engineers proposed to add some mehanial play into the
lifting system mehanism, to make a fatory inspetion of the lifting jaks
and to improve the lubriation system. Beause of all these modiations
on the magnet system, some preision was lost in the pointing auray of
the magnet system, being nevertheless still within the limits required by the
X-ray telesope, whih is the most sensitive devie in the experiment to this
parameter. Eventually data taking restarted after a stoppage of 6 weeks.
Sun traking runs then ontinued without inident related to the magnet
until data taking ended in mid-November.
TPC performane
In 2003 a systemati data taking started to take plae. The automati
proedure during this year onsisted on 6 hours of data taking, stopped just
to take a run of pedestals. Due to the long working period, some problems in
the TPC started to beome apparent. The two main ones were the eletroni
noise, whose origin was not ompletely understood and fored us to rejet
some data; and the gas leak rate from the thin windows faing the magnet
bores. In table 5.2 a summary of the dierent sets that were olleted during
the 2003 data taking period is shown.
As it an be seen, some data were taken before the magnet movement
was stopped beause of the failure in the lifting system. In setion 4.4 it has
been mentioned that a shielding was designed and built to work together
with the TPC during the data taking periods. But the omplete struture of
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Set number Date Comments
#3 01/05-18/06 First 2003 data without shielding.
Problem with the lifting system of the
magnet.
#4 18/06-23/06 Test with all the shielding installed on
the TPC.
No magnet movement.
#5 23/06-15/07 Intermittent eletri noise.
Dierent shielding onditions.
#6 15/07-23/08 High quality data.
Problem with the leak rate of the windows.
#7 20/09-17/11 Bad quality data.
Table 5.2: Summary of the sets aumulated during the 2003 TPC data
taking.
the shielding is 1.2-ton heavy, and therefore its permanent installation in the
magnet moving struture was ommissioned by an engineers group at CERN
to preisely determine its impat from the safety point of view. While this
study was going on, the TPC was rst naked during the set #3.
Due to the fat that during the short stop the magnet was safely and
still standing over some onrete bloks, it was possible to install the whole
shielding in order to test its result in-situ for ∼ one week. Figure 5.3 shows
a omparison between the energy spetra olleted with dierent shielding
onditions.
The average normalised ounts between 1 and 10 keV is 1.85 × 10−4
ounts/keV/m
2
/s for the ase of the TPC ompletely exposed as gathered
in the previous set # 3, while the eet of the shielding by itself lowers
this number down to 6.83 × 10−5 ounts/keV/m2/s. If the N2 ux is also
onneted, and therefore the radon purged from the detetor loser environ-
ment, the total average downs to 4.38× 10−5 ounts/keV/m2/s, a fator ∼
4 less from the ompletely exposed ase.
The redution fator ahieved in this ase is only half of the one obtained
when the shielding was tested in the laboratory, as mentioned in setion 4.4.
One of the reasons of this disrepany lies on the fat that the lead layer
thikness on the CAST experimental site is half of the one used in the lab-
oratory due to mehanial onstraints. Also in this ase the TPC is diretly
attahed to the magnet pipes, and thus partially not shielded from it be-
ing therefore still sensitive to a gamma bakground ontribution from the
experimental materials.
One the problem in the lifting system of the magnet was solved, the data
taking was resumed. The shielding was dismounted, leaving in site only the
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Figure 5.3: Energy spetra of the TPC for dierent shielding onditions. The
upper line represent the no-shielding one, while the lower ones represent the
whole shielding (thin line) and the shielding + N2 ux.
opper box around the TPC and the N2 ux onneted in order to purge it.
In the rst days the intermittent appearane of eletri noise made the data
taken not valuable, but after a while the problem was solved by improving





TPC performane was good, as it was very stable, and nally this data
set # 6 was the one used to perform the axion parameters analysis.
Unfortunately, one the eletri noise problem was solved, the deteriora-
tion of the thin windows started to beome a serious nuisane. In the upper
plot of gure 5.4 we an observe the evolution of the leak of hamber gas to-
wards the magnet during this period. By the end of August this rate beame
dangerous for the stability of the magnet and the TPC was nally removed
the 25
th
in order to substitute the windows. The removed ones showed under
the mirosope holes in regions where the aluminium layer had ame o, as
it an be seen in the lower plot of gure 5.4.
Therefore it was obvious that the 38 nm thik aluminium oating used
in these windows was not enough to provide the required leak thikness and
strength to the system. New widows were developed with an extra 50 nm
thik Al oating over the original.
The hamber was reinstalled bak on the magnet on September 13
th
and
took data again until the middle of November, when the general shutdown
stopped the whole CAST experiment. With the extra Al oating the windows
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Figure 5.4: Up: TPC gas leak rate to the magnet evolution during summer
2003. Down: A hole in one of the thin windows used in the TPC. The order
of magnitude is of some µm.
worked properly during this period, keeping a stable safe leak rate towards
the magnet bores of 2-3 ×10−5 mb l/s.
5.3.2. 2003 data behaviour
As a summary, although the data taking period of 2003 lasted for about
6 months, muh of this time orresponds to ommissioning operation, pe-
riods when data taking was temporarily stopped due to spei tehnial
interventions in the experiment or in the TPC itself (replaement of leaky
windows, for example) or periods when data were taken but they did not
pass the quality requirements regarding homogeneity of operation, due to
the relatively frequent interruptions in the experiment, mainly due to mag-
net quenhes, and to a lesser extent to episodes of eletroni noise pik-up
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in the detetor (set #7).
As a result, the eetive amount of data qualied for analysis obtained
by the TPC in 2003 was ∼783 hours, all of them onentrated in the months
of July and August (set# 6). Out of these data, ∼63 hours (9%) were taken
when the magnet was traking the Sun. The stability and ontinuity of
operation of the detetor during this time an be appreiated in gure 5.5,
where the exposure in days for the bakground data and in hours for the












































































Figure 5.5: Up: Exposure in days for the bakground data. Down: Exposure
in hours for the Sun traking data.
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Position dependene
All the systematis eets hinted in setion 5.1 onerning the inhomo-
geneity of the bakground beame apparent in the new data. In gure 5.6
we an see the total Sun traking spetrum (thik line) superimposed with
the bakground data (thin line). Obviously they are ompletely inompat-
Energy (keV)




















Figure 5.6: Sun traking spetrum (thik line) superimposed to the bakground
one (thin line) for the data taken in the 2W area of the TPC during the set
# 6.
ible, and thus the main task at that time was to study the origin of this
disrepany and solve it as far as it an be done.
Given the measured inhomogeneity in the gamma ray bakground at
the experimental site (see hapter 2), and the fat that most of the Sun
traking data were taken in a ertain area dierent from the one where the
bakground was being olleted, soon a position dependene was thought to
be the reason.
In order to prove and quantify this dependene, as well as to have a tool to
orret it, new features were introdued in the analysis program, TPCANA.
Given that the position of the TPC within the experimental hall is reorded
every minute, it is possible to see the rate of ounts and the energy spetrum
of the data aumulated in dierent areas of the experimental site. For this
two 2D grids -named oarse with 3×3 ells, and ne with 7×7- were dened
to distribute the spae in the experiment. A new extra index, alled imag,
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Mean x   115.6
Mean y  0.1148
RMS x    6.981
RMS y    4.546
Figure 5.7: Exposure hours of bakground (up) and Sun traking (down) data
for the dierent ells in the ne grid.
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was added to the set of the previously desribed ones (see setion 4.2.3) to
every event reorded in the hamber. In this index the information about the
ell where the TPC was positioned when the event was olleted is stored.
With this information it was easy to introdue a new set of 3D histograms
representing the rate of ounts in every ell, and a new set of plots Si with
the energy spetrum in eah one of these ells (labelled by the index i).
In order to normalise this histograms properly, a routine to alulate the
exposure reahed in every ell of the grid was also developed. In gure 5.7
we an see the exposure in hours for every ell both for the bakground and
Sun traking data in the ne grid. The oordinates used here to determine
the position are the loal system used in the CAST area, where the azimuth
angle speies the position of the magnet on the rail, and an vary from 40
◦
(in the very north-west position) 140
◦
(south-east), while the angle tell us
about the vertial position, whih goes from -8
◦
, where the TPC is very near
to the soil, to +8
◦
, where the TPC is in its highest position. It an be seen
in the upper plot that, during 2003, the positions to take bakground were
not uniformly distributed, sine most of the times after traking the Sun the
magnet used to be parked in a entri position. Therefore in this gure the
obvious dierene in the position of the TPC where the Sun traking data
were olleted (high azimuth values) to the usual bakground data olletion
position (medium-low azimuth values) an be appreiated.
The rate (ounts/hour) of events olleted with energy between 3 and
7 keV in the 2W area of the TPC is shown in gure 5.8. Before pointing
up any onlusion we must be aware of the fat that not all the ells have
gathered data for the same amount of time, and therefore this plot must be
studied in onjuntion with the lower plot in gure 5.7. Both the ells with
the higher number of ounts (and marked in red) orresponding to vertial
positions of +8
◦
are statistis artefats due to the very sort time that the
TPC olleted data in these ells, and should not be taken into aount.
Apart from them, what we an see from here is a tendeny of having higher
number of ounts when the magnet is pointing to the upper part of the
south-east wall, where the onrete experimental wall is thiker.
In gure 5.9 the three most position-dierent spetra are shown, the big
dierene between them being obvious.
Introdution of the weighted bakground
It is lear that this position dependene is strong enough to be the main
reason for the disrepany between the Sun traking and the bakground
spetra in gure 5.6. In order to be able to do any axion analysis the way
to ompensate this position dependene should be found. What is obvious
is that only the bakground taken in the same ells as the Sun traking data
should be used if we are to reprodue its spetrum. Moreover, this seleted
bakground should be weighted aording to the fration of the time the TPC
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Figure 5.8: Counts/hour rate taken in the dierent ells of the experiment.
Here only the data from 3 to 7 keV taken in the 2W area of the TPC are
shown.
has spent in eah one of these ells during the signal taking runs. Only in
this way we will ensure that they will ontribute the same for the bakground
spetrum as they did for the Sun traking one.















being Nt the total number of ells where the Sun traking spetrum have
been olleted, Si the bakground spetrum gathered in these ells and ti
the total time that the TPC has spent in the ell i olleting Sun traking
data. In gure 5.10 we an see the omparison between the Sun traking
(thik line) and the weighted bakground spetra. In the upper one the
weighted bakground has been built with the spetra from the ells of the
oarse grid, and therefore the error bars are smaller. The lower one shows
the bakground spetrum omposed by adding the ones of the ne grid. It is
lear that both Sun traking and bakground spetra agree now muh more
that what was shown in gure 5.6. Anyhow, this should be onsidered just
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Figure 5.9: Bakground spetra for dierent ell positions in the oarse grid.
an indiative sign of the fat that the position dependene is indeed the main
reason of the previous disagreement. Still the Sun traking spetrum ould
ontain a signal over the bakground ontribution, so it ould happen that
they do not agree for this reason.
To really rosshek how good this weighting method is, the data taken
in the out area of the TPC an be used, as the Sun traking spetrum
olleted there does not ontain any signal, and therefore should be similar
to the bakground one. In gure 5.11 this omparison is shown, proving
that the degree of agreement is as good as in gure 5.10. The χ2null test
performed over the spetrum obtained by subtrating them yields a value
of χ2null/d.o.f = 26.68/18. It is known that for a given variable distributed
aording to a χ2 p.d.f., the probability of obtaining a value S suh that
S/d.o.f > 1.44, whih is our ase, is of a 10%. This value tells us that it
must not be forgotten we are handling an artiially manipulated bakground
whih allows us to extrat from the data the axion parameters that we are
looking for, solving to some extent the position dependene problem. In
what follows we will fous on the axion parameters extration from these
data, and in a later setion (5.3.3) the auray of the weighting method will
be reviewed.
As both the oarse and ne bin weighted bakground spetra seems to
suer only slightly from the position dependene, in what follows the oarse
bin weighted bakground will be used to perform the axion analysis, sine
the smaller the error bar, the better the result.
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Figure 5.10: Comparison between the Sun-traking (thik line) and the oarse
(up) or ne (down) weighted bakground.
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outcorase
Entries  45517
Mean    6.207
RMS     3.535
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Figure 5.11: Sun traking (thik line) and weighted bakground spetra from
the out area of the TPC.
5.3.3. Axion analysis on the data
The next step in the analysis goes through searhing for any hint of solar
axions. They would appear as an exess of ounts over the bakground in the
Sun traking spetrum. Thus, if we subtrat both energy spetra, we would
be left with the spetrum of the axion-onverted photons whih is diretly
proportional to g4aγ , the only free parameter in our theory. Therefore our
analysis is foused on alulating the value of g4aγ that best ts our data.
If, on the other hand, this subtrated spetrum is ompatible with zero
within statistial utuations (null-hypothesis test), we must say that, up to
the sensitivity of the detetor, the data show no positive signal over bak-
ground. Then an upper limit on the oupling onstant axion to photon gaγ
an be derived as, if still axions happen to exits, it an be asserted that
their oupling onstant to photons gaγ must be smaller than the value given,
otherwise a signal would has been observed in CAST.
Null hypothesis test
Lets alulate the null hypothesis test over the subtrated spetrum. For
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where we are summing over the n experimental points of the subtrated
spetrum. Here xtheo orresponds in this ase to the non signal (gaγ = 0)
points and therefore xtheo = 0. When the experimental points xexpi are inde-
pendent and Gaussian distributed, S behaves as a χ2 distributed quantity.
This means that, if xtheo are representative of the true hypothesis that the
xexpi should resemble, repeating the experiment many times and omputing
S eah time, the distribution of this quantity will be given by the distri-
bution of the χ2 for the given degrees of freedom (number of data points
minus the number of free parameters in the model, d.o.f) on the experiment
[97℄. The mean of a χ2 distributed variable is given by the d.o.f of the ex-
periment. Thus one should expet, being the hypothesis orret, that the
quotient (S/d.o.f) would yield a value lose to unity, and therefore an be
used as a test on how good this hypothesis ts the data.
Therefore our rst onern is whether our xexpi are independent and Gaus-





so the question translates to whether both sexpi and b
exp
i are themselves Gaus-
sian distributed. Sine they are diretly measured ounts, its distribution is
in priniple Poissonian, but when the number of ounts per energy bin ol-
leted is big enough, whih for the TPC data is the ase sine the ounts
aumulated per bin are of the order of 103 for the bakground data and 102
for the Sun traking ones, the entral limit theorem applies and it an be
assured that the Gaussian distributed ondition is fullled. Furthermore, it
is lear that the xexpi are independent, as the ounts gathered in one energy
bin are independent from the other ones.
In gure 5.12 we an see the zero line superposed over the subtrated
spetrum of set # 6 of data. Even though the range of the energy spetrum
seen by the TPC has a lower limit of ∼ 0.7 keV due to the eletronis
threshold, and an upper one of ∼15-16 keV due to the lose of the eieny
detetion of the argon, the energy range used for all the axion analysis is
dened from 1 to 10 keV. The reason for this lies on the expeted axion
signal, whih is dierent from zero only in this range. The two vertial
dotted lines on gure 5.12 mark these limits.
The value of the null hypothesis test on this set yields the value
χ2null/d.o.f = 18.2/18 (5.5)
whih is indeed lose to one, onrming this way the hypothesis, and there-
fore the ompatibility of data with the absene of any signal.
Best t and errors
Knowing that the data are ompatible with the absene of signal, if we
test now the axion signal hypothesis, we would expet to obtain as a best t
a value of gaγ ompatible with zero (no signal) within errors.
130
5.3. TPC 2003: Continuous data taking
Energy (keV)
















Figure 5.12: Null hypothesis test on the subtrated data of set # 6.
In order to alulate this, the theoretial funtion dNγ/dE giving the en-
ergy spetrum of photons normalised per unit of time and area as a funtion
of g4aγ , must be determined, and ompared with our data by means of equa-
tion 5.4. The value of g4aγ whih orresponds to the funtion dNγ/dE loser
to the data (i.e., whih minimizes S) will be alled the best t (g4aγ)best fit
value.
This theoretial dNγ/dE funtion is the dierential version of equa-
tion 2.1, whih was telling us about the number of photons oming from
axion onversion that would reah any detetor for a given time interval and
area. The number of these photons that would be atually deteted by the
TPC is obviously lower, and an be alulated by folding this funtion with
the eieny to X-rays of the detetor and its live time (≡ 1 − dead time).






× Pa→γ × dεeff
dE
× (1−DT ), (5.6)
where dΦa/dEa is the axion ux on the earth as given by equation 1.31,
Pa→γ is the probability of onversion of an axion into a photon given by
equation 2.2 (proportional to (B/L)2 with B and L the magneti eld and
length respetively), εeff represents the eieny of the detetor and DT
its dead time. Therefore the ingredients to determine the funtion dNγ/dE
are:
Eieny: From the alibration data olleted in the Panter faility
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(see setion 4.3) the urve of the eieny of the TPC for X-rays is
known as shown in gure 4.28.
Live Time: Sine the dead time of the detetor for the 2003 data was,
in average, of a 2.5%, the multiplying fator in equation 5.6 is 0.975.
Magneti eld B: During the 2003 data taking, one third of the time the
magneti eld was set to its maximum value, Bmax=9.0 T (13330 A),
while the rest of the time was siting in the safer one B=8.79 T (13000 A).
Sine this parameter enters squared in the Pa→γ formula, an aver-
age value is then alulated using
√
1/3 × (Bmax)2 + 2/3 × (B)2, whih
yields a value of the eld = 8.86 T.
Magneti length: The eetive length that sustains the magneti eld
given before for an LHC magnet is 9.26 m.
Axion ux on earth: For this the expression given by equation 1.31 is
used.
One these ingredients are known, the points xtheo of equation 5.4 an
be alulated and so the value of S for dierent values of gaγ . Figure 5.13
shows the dependene of S on gaγ for the set # 6 data, whih is paraboli,
as it should be when we deal with a linear model with Gaussian errors (see
the notes on statistis from [23℄). The minimum orresponds to the best t
value of g4aγ :
(g4aγ)min = −1.1 × 10−40GeV−4 (χ2min/d.o.f = 18.1/17) (5.7)
To determine statistial error of this parameter within one standard de-
viation (1σ) we an take into aount that the ontour in g4aγ spae dened
by
S(g4aγ) = Smin + 1 (5.8)
has tangent planes loated at plus or minus one standard deviation from the
estimated value of (g4aγ)min (see again [23℄). In our ase, if we alulate how
far the best t is from the ±(gaγ)1σ value, we nd an error of ±3.3 in both
sides. Therefore we an onlude that the g4aγ best t value with its errors
for the set #6 data is:
(g4aγ)min = (−1.1± 3.3 (stats))× 10−40GeV−4 (5.9)
whih is learly ompatible with g4aγ = 0 within the error, as expeted.
Condene Interval extration
One we know the data are ompatible with the absene of signal hypoth-
esis, we would like to quote the region of the gaγ spae where the true value
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Figure 5.13: Dependene of S (equation 5.4 on g4aγ).
of gaγ , given the existene of axions, would lie, with a ertain probability or
ondene level (C.L.). In other words, we want to determine an upper limit
value of gaγ , whih will tell us that the true value of gaγ must be below it.
Of ourse this value is alulated with a ertain ondene level, so that the
more sure we are about this, the more onservative it will beome.
In the Frequentist approah, a ondene level region/interval is given
by the set of theoretial parameters θ whih fulll the ondition:
χ2(θ) < χ2(θmin) + δ (5.10)
one the χ2 distribution in known for these theoretial parameters (θ ≈ g4aγ
in our ase). δ depends on the required C.L. (1-α) and the number of tted
parameters r. This presription omes from the assumption that the best t
values θmin are Gaussian distributed around the true value θ, whih means
that if the experiment were to be repeated a large number of times, the best
t values obtained eah time would be Gaussian distributed around the true
value. The ondene interval quoted eah time would vary, but in a fration
1-α of the experiments it would over the true value of the parameter. For
the CAST data, sine we are dealing with a linear model of the theoretial
parameter g4aγ , it an be assured that the probability distribution funtion
(p.d.f.) of the best t values ertainly is Gaussian.
133
Chapter 5. First TPC results: 2002 and 2003 data taking
If we were applying this reipe straightforward to the CAST data, we
would end up with a interval that overs negative values of g4aγ , whih we
know does not have any physial meaning. That would be an unpleasant
result to quote, and other methods to estimate a ondene interval must
be found. Several of them exists, and there is not a orret or preferred
one. Therefore the quotation of a ondene level or an upper limit omes
unavoidably with some degree of subjetivity from the experimentalist.
The most straightforward method is still to use expression 5.10, just
ignoring the unphysial region. The problem is that it will give unpleasant
lower upper limits for the luky experiments where the minimum (best t)
lies in the unphysial region, as it happens in our partiular ase.
To overome this nuisane, the method of the integration of the Bayesian
probability [23℄ was hosen for the CAST ondene interval extration,
whih always over-overs, but an ompensate the luky experiment eet,
being this the main reason why it was hosen.
In Bayesian statistis the starting point is always the expression:
P (hyp|x) = P (x|hyp)P (hyp)
P (x)
, (5.11)
where x represents the set of data (points of the subtrated spetrum in
CAST) and hyp the hypothesis that has to be tested, whih an be repre-
sented by a parameter θ whose value is to be found (g4aγ in our ase). The
p.d.f P (x|hyp) represents just the joint probability of obtaining the set of
data given a ertain hypothesis, and it is given by the likelihood funtion
L(θ), evaluated on the data and regarded as a funtion of the parameter θ.
P (hyp), the prior p.d.f, tells about our prior knowledge of the hypothesis
whih is going to be tested. P (hyp|x), the posterior p.d.f, gives the degree of
belief for hypothesis (θ) to take values in a ertain region given the data x.
Sine it is a p.d.f it must be normalised:
∫
θ P (hyp|x) = 1, whih determines
P (x), onsidered from now on a normalisation onstant. All our knowledge
about θ is summarised on this posterior p.d.f, and therefore it is the one that
will allows us to perform the interval estimation that we are looking for.
Sine
Posterior p.d.f(θ) ∝ L(x)× Prior p.d.f(θ), (5.12)
we have to determine these two p.d.fs. Its is known [23℄ that when the
measurements xi are Gaussian distributed and independent, whih is the
ase for the CAST data, the likelihood funtion ontains the sum of squares
χ2:
χ2(θ) = −2lnL(θ) + k. (5.13)
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As the funtion χ2(g4aγ) has been determined from the set of data taken in
CAST (see gure 5.13), the funtion L(g4aγ) is also known. Bayesian statistis
supplies no fundamental rule for determining the prior probability P (θ) as
it reets the experimenters subjetive degree of belief about the parameter
whih is going to be measured before the measurement was arried out.
For CAST in priniple we do not have any prior belief on the value of this
parameter, we only know that it an not take negative values. Therefore the
prior p.d.f that we will take is just the funtion:
P (gaγ) =
{
const. if g4aγ ≥ 0
0 if g4aγ < 0.
(5.15)









for g4aγ ≥ 0. (5.16)
In gure 5.14 we an see a representation of this p.d.f as a funtion of g4aγ .
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Figure 5.14: Representation of the normalised joint posterior p.d.f as a fun-
tion of g4aγ .
Now we want to determine an interval ontaining all the values of g4aγ
for whih the integrated posterior probability is bigger than a ertain value
1 − α. The lower limit of ourse is 0, and the upper one will be given by a
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P (g4aγ |x)d(g4aγ). (5.17)
If the ondene level for CAST is onservatively set on the value 1-α=95%
then we obtain (g4aγ)upper = 5.7 × 10−40GeV−4. The upper limit for the
oupling onstant set by the 2003 data taken in the TPC is therefore
gaγ(95%C.L) < 1.55× 10−10GeV−1. (5.18)
In gure 5.15 the TPC 2003 subtrated spetrum together with the fun-
tion orresponding to the number of photons Nγ that we would have deteted
for the best t (lower) and the upper limit (upper) values of g4aγ are shown.
Figure 5.15: TPC 2003 subtrated spetrum. The funtion orresponding to
the number of photons Nγ that we would have deteted for the best t (lower)
and the upper limit (upper) values of g4aγ are also shown.
It must be remarked that this upper limit is only valid for axion masses
ma < 0.028 eV as for higher values the oherene axion-photon is lost inside
the magnet (see hapter 2). In gure 5.16 we see the exlusion plot of the
axion to photon oupling onstant gaγ versus the mass of the axion ma in
eV, where the blue line orresponds to the upper limit quoted before.
Systemati eets
The study of all the systemati eets that an aet the result quoted
by an experiment is always troublesome. The data must be arefully ross-
heked in order to detet any tendeny dierent from the one ditated by
statistis, whih ould hint the ation of unexpeted or unonsidered depen-
denes of the data. Although a general method on how to detet and handle
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Figure 5.16: Axion to photon oupling onstant gaγ versus axion mass ma
exlusion plot. The blue line represents the upper value of gaγ obtained with
2003 TPC data. Also the CAST prospets line is shown.
this systemati eets on the data does not exist, very nie reviews on the
matter exists on the literature (see for example [98℄), whih an guide the
experimentalist work regarding this step of the data analysis. The standard
proedure involves heks as rebinning the data, splitting the data into sub-
sets, trying to nd known dependenes of the data to see if their behavior
towards them is as expeted, or studying all the theoretial and instrumental
unertainties whih may aet the nal result. x For the 2003 data of the
TPC the situation was a little bit speial. We do know that there is a very
important systemati eet: the position dependene. Beause of the magni-
tude of this eet over the data, of whih gure 5.9 is a lear example, there
is no point in following the standard proedure desribed in the former para-
graph, as the position dependene will mask any other eet. Furthermore,
even if we were able to identify other inuenes on the data apart from the
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known one, their magnitude in any ase will be overpassed by it, otherwise
they would have beome apparent before. It is beause of this that we will
be only interested on quantifying the inuene of the position dependene on
the nal upper limit quoted for the CAST TPC and will neglet any other
eet, assuming that the result obtained will be the dominant one.
What is left, thus, is to fae the problem of determining what is the
possible error on the nal result due to the position dependene. Estimating
the unertainty of the bakground level ould be done by determining the
maximum perentage of variation seen, for example in gure 5.9, and further
propagating this to determine our unertainty in the upper limit quoted. But
the result obtained in this way would be overestimated, sine the orretion
done by means of the weighting method, whih makes the real position error
on the data muh smaller, is not taken into aount.
It would be desirable, thus, to estimate the error still left one the weight-
ing method is applied to onstrut the bakground spetrum. But a straight-
forward method to do this just from the data, like the one desribed in the
previous paragraph for only the position dependene unertainty, is not avail-
able in this ase. Beause of this, it was deided to proeed doing just the
opposite: instead of trying to nd any deviation on the level of the bak-
ground data from the Sun traking one, we will artiially indue them, to
see what is their eet on the nal result. In this way we will be able to
see by how muh this level an hange giving still a reasonable result (later
it will be dened what is this). From this an interval inluding the possible
perentage of bakground level variation will be dened, whih will ontain
the range whih still yields a reasonable result. Therefore, this way we an
determine not an estimation of the unertainty interval but just an upper
limit to it.
Sine no signal is expeted in the data olleted in the out region of the
TPC, and therefore the Sun traking and the bakground spetra should
math, the study of the systemati unertainties an prot from this fat
using these data. We an artiially vary the level of the bakground data by
some perentage and alulate the values of the χ2null in eah ase. Obviously
the bigger the fator we vary the bakground, the farther this parameter
will be from its mean, with orresponds to the d.o.f of the distribution. A
reasonable result an be given by a good outome of the null hypothesis
test over these data. Therefore we an onservatively dene the allowed
variation interval for the bakground level the one ontaining the variation
fators whih will yield values of χ2null with a probability of ourring bigger
than the 5%. By looking up the χ2 distribution tables we nd that this
ondition is satised for these values of χ2 suh that χ2/d.o.f < 1.604. Sine
for us the d.o.f for the null hypothesis test are 18, we should onsider the
variation fators orresponding to values of χ2 < 28.9.
Figure 5.17 shows the distribution of the χ2null versus the variation of the
bakground level. The horizontal line orresponds to χ2null = 28.9, whih
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Figure 5.17: Distribution of the χ2null parameter versus variations of the
bakground level.
is the upper limit of the 95% interval. The interval of the variation fators
dedued from here is (-0.3%, 3.3%). As it has been pointed before, it must be
underlined that this interval is only an upper limit of the allowed variation
for the bakground level, alulated using a statistial tool. As there is not
a simple way of estimating what the weighting method ompensation give
us quantitatively, we must satisfy ourselves with this upper limit for it. In




Table 5.3: gaγ(95%C.L)upper limit value orresponding to the quoted variation
fators of the bakground data.
table 5.3 we see the value of the upper limit of gaγ at 95% C.L that would
orrespond to the subtrated spetrum obtained from the 2W area data by
varying the bakground inside the allowed range dened (-0.3%, 3.3%). Our
nal upper limit on the unertainty of the bakground level leads to an upper
limit in the unertainty on the value of gaγ(95%C.L)upper limit of a 15%.
Summarising, in setion 5.3.2 a hypothesis test that heks out the bak-
ground onstruted with the weighting method using the data from the out
zone of the TPC has been performed. The result of this test has been pos-
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itive, as the χnull obtained for our bakground was lower than 28.9. In the
present setion, the allowed interval of bakground variation whih leads to
values of χnull < 28.9 has been also dened and estimated. This interval has
been dened as an upper limit to our bakground denition unertainty. It
must be pointed out that the allowed interval for bakground variations de-
pends on the statistis gathered by the data from the out area, as the shape
of the parabola in gure 5.17 is determined by them. Therefore the interval
for allowed variations and the unertainty perentage quoted above depend
on the harateristis of this area. Beause of this we are aware that this
hypothesis test gives only an orientative range where the bakground level
should be for it to be ompatible with the Sun traking one, as it should be
in the data from the out region.
5.3.4. CAST 2003 ombined result
In table 5.4 we an see the data sets of the other two CAST detetors,
the Miromegas (MM) and the CCD, together with their individual results.
They also exhibit a positive null hypothesis test and a best t value for





set exposure(h) (10−40 GeV−4) (10−10 GeV−1)
MM set A 43.8-431.4 −1.4± 4.5 12.5/14 12.4/13 1.67
MM set B 11.5-121.0 2.5 ± 8.8 6.2/14 6.1/13 2.09
MM set C 21.8-251.0 −9.4± 6.5 12.8/14 10.7/13 1.67
CCD 121.3-1233.5 0.4 ± 1.0 28.6/20 28.5/19 1.23
Table 5.4: Data sets inluded in the result.
g4aγ ompatible with zero within errors. The fat that three independent
detetors, based on dierent tehnis, yield ompatible results is the best
prove of the proper behaviour of eah one of them.
To obtain the ombined result from the three detetors, the individual
posterior Bayesian p.d.f. of eah one were multiplied, obtaining this way the
posterior p.d.f of the CAST experiment for the 2003 data. From it the gaγ
upper limit at 95% C.L. an be alulated as desribed in setion 5.3.3. The
result is [96℄:
gaγ < 1.16 × 10−10GeV−1 for ma < 0.028 eV (5.19)
The improvement of this result from the CAST experiment with respet to
previous ones is onsiderable, as it an be seen in gure 5.18. From here
we see that the sensitivity of the experiment is omparable with the limit
imposed by astrophysial onsiderations explained in hapter 1.
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Figure 5.18: Exlusion plot for the CAST ombined upper limit on gaγ (95%
C.L.).
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2004 data taking results
The phase I of the CAST experiment was ompleted with its suessful
long term operation during 2004. In this hapter the upgrades and perfor-
mane of both the experiment and the TPC detetor will be briey reviewed.
Later the 2004 data behaviour will be exhaustively studied, in order to de-
tet all the systemati eets whih an inuene the nal result. Finally
we will proeed with the axion analysis, obtaining a new upper limit on the
axion to photon oupling onstant gaγ sine the data of this year was again
ompatible with the absene of a signal.
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6.1. 2004 TPC data taking
6.1.1. Experiment upgrades and performane
During the 2003-2004 winter shutdown some upgrades were arried out
in the experimental area to reinfore the weakest points found during 2003.
Thanks to these upgrades the CAST experiment gained in safety and stabil-
ity, allowing for a smooth and long data taking period in 2004.
The organi rystal sintillator detetor, (see hapter 2) was installed
behind the Miromegas to searh for high energy Primako axions, making
this the rst time that a searh of this kind was performed with the axion
heliosope oneption.
CAST started systemati data taking again in early June 2004, and on-
tinued so until mid-November.
6.1.2. TPC detetion system upgrades
During 2003 data taking period some weak points in the TPC detetor
were found, namely the thin windows system with its gas leak towards the
old bores of the magnet, and the bakground rate position dependene,
whih prevented us from using all the bakground data gathered. Two major
omponents were added to the TPC detetor system at the beginning of 2004:
a dierential pumping system, and the shielding desribed in hapter 2.
Dierential Pumping
The purpose of the dierential pumping system is to derease the eet of
gas leaks towards the magnet due to argon diusion or due to the formation
of pinholes in the aluminium layer of the thin TPC windows. This system
reates an intermediate volume between the TPC and the magnet whih is
ontinuously pumped with a lean pump. This volume is kept at a relatively
poor vauum (∼ 10−5 mbar, ompared with ∼ 10−7 mbar in the magnet). A
seond thin polypropylene window separates this intermediate volume from
the magnet vauum. Due to the small pressure dierene, the eetive leak
through this window is extremely small (1.46 × 10−7 mbar l/s of Argon).
This strategy allows us to be reasonably tolerant to small leaks on the TPC
windows, improving the robustness of the whole system and thus no external
intervention during the data taking period was needed, ontrary to what
happened in 2003.
Shielding
The shielding desribed in hapter 2 was nally aepted after a om-
missioning period in 2003, and installed around the TPC in 2004. For this
a ounterweight was plaed on the other end of the magnet to ompensate
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for the extra weight added, and in some zones the experimental site walls
thikness was redued to allow the TPC plus shielding system to move with
no onstraint. The improvements obtained thanks to this shielding will be
explained later on in this hapter.
Automati alibration system
In 2003 the TPC gain was being alibrated by means of pressure and tem-
perature measurements of the gas, whih were related to it by equation 5.2.
In 2004 a stepping motor was installed to move automatially the
55
Fe soure.
This motor is fully ontrollable via TTL signals whih are provided by an
input/output register VME module ontrolled by the aquisition software.
During normal data taking the radioative soure is parked between the two
bak alibration windows in a position shielded from the hamber. In 2004,
every six hours the aquisition software was sending a signal to stop the
data taking and to move the radioative soure in order to take two runs of
alibrations, one per window of the TPC.
Figure 6.1 shows the time evolution of the gas gain during the 2004 data
taking period. A dierene on the gain values for the two windows was














High cathode number  window
Low cathode number window
Figure 6.1: Gain evolution during 2004.
observed and taken into aount in the data analysis. This dierene results
from geometrial imperfetions in the wire arrangement that produe a gain
drift along the anodes. Beause of this, the gain fator applied to every event
was alulated taking into aount the position of the hamber where it had
been reorded. In this way, given the position of the event in the wires grid,
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the orresponding graph of gure 6.1 was sanned to nd the gain fator
whih mathes the time given by its timestamp. Between two onseutive
experimental gain measurements a straight line was taken to nd the losest
value for every given timestamp.
6.1.3. TPC detetor performane
The TPC was already installed with the shielding around it when CAST
started to be operational in 2004. In table 6.1 a summary of the sets gathered
in this period is shown. During June still some small adjustments were done
Set number Date Comments
#8 02/05-27/05 First data of the year.
Still some adjustments were done on the
hamber.
Data not used for the axion analysis.
#9 28/05-13/11 Long term set.
Good quality data.
Table 6.1: Summary of the sets aumulated during the 2004 TPC data
taking.
to the hamber, whih made the data taken in this period inhomogeneous,
and therefore it was not used for the nal analysis.
The set# 9 is a very long term one (∼4.5 months) where the data ol-
leted were of good quality. Figure 6.2 shows the aumulated time exposure
of bakground and Sun traking data are shown. As it an be seen ∼203
hours of Sun traking were olleted, a fator of ∼3 more than in 2003. The
number of eetive days of bakground gathered is 142.2, a fator ∼5 more
than in 2003. Furthermore, we see that both bakground and Sun traking
data were taken homogeneously in time, with nearly no interruption.
Sine in 2003 a dependene of the bakground rate with the position of
the TPC in the experimental site was found, in 2004 the bakground data
taking was done following a strit proedure. In both the morning and the
evening, after having traked the Sun, the magnet was parked in a position
lose to where it had gone through during the traking.
The hamber performane during this time was very good, showing the
stability required. In gure 6.3 we an see the monitored value of the raw
trigger rate (rate of ounts diretly deteted on the hamber, without any
ltering) from July till November. Apart from ertain deviations from the
mean due either to eletroni noise pik up (rst and last months), or speial
set of alibrations (mid Otober) this rate was fairly stable through the whole
period of data taking. All these ases where the trigger rate was being well
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Figure 6.2: Exposure plots of the Sun traking and bakground data in time
for the 2004 data.
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far from the mean value were properly identied, being these data exluded
from the analysis.
Complementary to this is the time evolution of the dead time, shown
in gure 6.4. We see that these two parameters are tightly related, as an
inrease in the trigger rate also produes an inrease on the dead time per-
entage due to the fat that the system spends more time per seond pro-
essing information. On the other hand, in mid Otober there was a problem
with the aquisition omputer, and the time to proess an event inreased
very rapidly, ausing the dead time to inrease also and the trigger rate to
derease, sine the time the eletronis was blind to new events was higher.
In general the dead time was fairly stable trough the whole period as well,
with an average value of 1.75 %.
Figure 6.3: Raw trigger rate evolution from July till November 2004.
Figure 6.4: Dead time evolution from July till November 2004.
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6.2. 2004 TPC data
6.2.1. Data improvement due to the shielding
With the shielding installed around the hamber, the TPC bakground
level between 1 and 10 keV was (4.15±0.01) ×10−5 ounts/keV/s/m2, a
fator of ∼ 4.3 below the level reahed by the TPC without any shielding.
This redution inreases with energy (redution fator of ∼ 6.4 in the 6-
10 keV range). The observed bakground energy spetra for the with and
without shielding ases are shown in gure 6.5, as well as for an intermediate
onguration of only opper box and N2 ux. In 2004 the data proved to
Energy (keV)


















 flux2Copper box + N
Full shielding
Figure 6.5: Bakground spetra for the TPC detetor in dierent shielding
onditions.
have a level of spatial homogenisation higher than in 2003 as it an be seen in
gure 6.6. Here the omparison between 2003 data olleted in the dierent
positions of the oarse grid (upper row) with the data taken in 2004 for
the same positions is shown. Being both the redution and homogenisation
obvious.
6.2.2. 2004 data behaviour
A step previous to the axion analysis with these data requires to under-
stand their behaviour properly, determining all the fators to whih they an
be sensitive to. The shielding proved to redue the level of the bakground
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Figure 6.6: Comparison between 2003 and 2004 bakground data, taken in
dierent positions in the experimental site. The 9 ell numbers run for 3
horizontal values, and for eah one, for 3 vertial positions.
and this eet, together with the fat that ∼5 times more statistis in data
taking was gathered in 2004, opens the door to the observation of new phe-
nomena in the data behaviour. Therefore, a areful study of all the possible
fators that ould have any inuene in the data is mandatory, so that we
an ensure the bakground data an be subtrated to the Sun traking one
without being sensitive to any systemati eet beause of this. Therefore,
in what follows the possible dependene of the data with some environmen-
tal fators (detetor position, rate time dependene, magnet status) will be
studied.
Position and time dependene
A quik look. In 2003, due to the magnitude of the bakground level
dependene with the relative position of the detetor in the experimental
area, a weighting method was used to onstrut an eetive bakground. For
the 2004 data we wonder by how muh the shielding redues this position
dependene, and whether still there is any need of onstruting a weighted
bakground.
From what it has been said in the previous setion, we ould expet
that the position dependene, as it was understood for the 2003 data, has
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disappeared to a big extent. To hek this, the rst thing to do is to ompare
the Sun traking and the bakground energy spetra from the data taken
in the out area of the TPC, as no signal is expeted, and therefore both
spetra should be ompatible. In gure 6.7 suh omparison is shown. The
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Figure 6.7: Comparison between the Sun traking energy spetrum (markers)
and the total (dark blue) and weighted (light blue) bakground spetra for the
data taken in the out area of the TPC.
agreement here is, within the statistial utuations, good between them.
Therefore, the huge disrepany between the bakground spetrum and the
Sun traking one seen in 2003 (gure 5.6) is not here anymore, thanks to the
eet of the shielding.
Bearing this in mind, we an think that a weighting method is not needed
anymore. Just for omparison in gure 6.7 the weighted bakground (ne-
bin) has been also inluded. Both Sun traking and total bakground seen
to be systematially above this spetrum. Furthermore, the weighted spe-
trum seems to disagree with the Sun traking one more than with the total
bakground spetrum, while we would have expeted just the opposite as it
happened in 2003.
From here we an dedue that the weighting method used for 2003 is not
useful anymore in 2004, as it seems to yield an eetive bakground whih
does not math the one olleted during the Sun traking periods. From this
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we an think that other eets whih have not been taken into aount yet
are playing an important role here.
Time dependene During 2004 data taking period, a variation of the
level of the bakground with time was observed. The upper plot in gure 6.8
shows the evolution of the event rate from 3-7 keV, after all the ltering
proess. Here a lear variation above the statistial utuation from the
mean value is visible. It would be desirable to understand up to some
extent whih fator (or fators) we are sensitive to, despite the shielding, to
produe suh a variation. In priniple the soure (or soures) ould have two
dierent origins:
Parameters to whih the eieny of the hamber is sensitive to.
Parameters to whih the environmental bakground level itself is sen-
sitive to.
Regarding the rst ase, as it has been explained in hapter 3, there is only
one known main parameter to whih nearly all the gaseous detetor's relevant
harateristis, suh as drift veloity, diusion oeients or gain are related
to, the gas density, the latter one being most sensitive to its variations. It is
in order to orret the eets of these natural variations in the gas density
that, during all the data taking period, experimental alibrations were being
taken every 6 hours. This allowed us to haraterise the gain variations of
the hamber with very good preision (gure 6.1) and to orret the events
gathered aordingly. Therefore, there is no reason to believe the rst option
is the one that should be taken under onsideration. Moreover, the other two
CAST detetors observed also variations on their bakground level deteted,
and these two hints ertainly lead us to onsider the seond option as the
most feasible one.
Trying to orrelate this variation with any parameter reorded in the
experimental area, it was found that, to some extent, it ould be related with
the temperature measured inside the shielding, shown in the lower graph of
gure 6.8. The CAST experimental area is being ontinously ventilated to
keep the temperature as onstant as possible. The big variations seen in
May and June are due to the fat that the ventilation system was not yet
onneted, the sudden drops appearing when the TPC aquisition eletronis
was swithed o. From mid-June and on the temperature value remained
fairly onstant, having a long term dereasing tendeny.
To hek this apparent relation we an have a loser look to some shorter
periods of data: in gures 6.9, 6.10 the rate evolution is shown from mid-
May to mid-June and from mid-Otober to mid-November in the upper plots
respetively, while the lower ones shown the temperature reorded for eah
one of these two periods.
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Figure 6.8: Up: Time evolution of the ounts rate per day during 2004 data
taking. Down: Temperature time evolution measured inside the shielding.
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Figure 6.9: Up: Time evolution of the rate of ounts per hour from mid-
May to mid-June. Down: Temperature time evolution measured inside the
shielding for the same period.
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Figure 6.10: Up: Time evolution of the rate of ounts per hour from mid-
Otober to mid-November. Down: Temperature time evolution measured in-
side the shielding for the same period.
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While in the rst set of plots a lose dependene between these two
parameters beomes evident, in the seond one we see that the rate varies but
the temperature remains onstant. None of the other reorded parameters
in the experimental site have been found to be related with this variation
seen in the last months of data taking. Therefore it is lear that its origin is
omplex and omprises several dierent auses.
Up to now we have proven a utuation of the bakground level with
time and now it arrives the question of by how muh this time-dependene
by itself ould inuene our result.
In priniple we ould think that, if these variations are long term ones,
as it seems to be the ase from gure 6.8, they will aet both Sun traking
and bakground data in the same way, leading then to a natural orretion.
This would not be ompletely true if during long periods of time bakground
data were being taken, but not Sun traking ones, due maybe to tehnial
stops in the experiment, suh as quenh reoveries. In this ase this natural
ompensation would be broken and an oset between Sun traking data and
bakground ones ould appear. But if we reall gures 6.2, where the amount
of Sun-traking and bakground data gathered over time are represented, we
see that this happens not to be the ase.
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Daily variation (2Windows data)
Figure 6.11: Daily pattern of the data gathered in the 2W area of the hamber
in set #9 with energy between 1 and 10 keV. The horizontal line represents
the mean of these data.
In the ase where these variations were taking plae with a daily pattern,
the Sun traking data -whih for the TPC is always being taken in the
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Daily variation (Mm side window data)
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Daily variation (CCD side window)
Figure 6.12: Daily pattern of the data gathered in both windows of the ham-
ber in set #9 with energy between 1 and 10 keV. The horizontal line repre-
sents the mean of these data.
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evening- would be inompatible with the bakground ones -taken during the
rest of the day-, and then we should be more areful in our analysis. To
ensure that this is not the ase, the daily variation of the data was plotted,
representing all the data taken in the 2W area of the TPC in set #9 with
energies between 1 and 10 keV (gure 6.11). The horizontal line represents
the mean of these data points. The χ2 parameter of these points around the
media an be alulated, in order to see if it yields a value where χ2/d.o.f ∼
1. In table 6.2 results of this alulation are shown. Although the value of
χ2/d.o.f for the horizontal line hypothesis is good, in this gure a hint of a
tiny sinusoidal variation an be seen. To rosshek this pattern, the data
gathered in eah window have been also plotted independently, as it an be
seen in gure 6.12. The means and the χ2/d.o.f quotients for the data of
eah of the windows are also shown in table 6.2. From the values shown in
the table we an onlude that there is no pattern followed by these data,
apart from the statistial deviation from the mean, and therefore there is
no daily-varying fator, suh as the time-dependene or any other unknown
one, to whih the TPC is sensitive to.
TPC region Mean χ2/d.o.f
2W 1.334 ± 0.004 12.79/23
Window 1 1.169 ± 0.004 26.61/23
Window 2 1.498 ± 0.004 21.71/23
Table 6.2: χ2 distribution value around the mean for dierent hamber re-
gions.
Position dependene From the omparison between Sun traking and
bakground data olleted in the out area of the TPC, where no signal is
expeted (gure 6.7), we have seen that there is no dependene on the data
leading to a disrepany as seen in the 2003 data. But still we do not know
whether there is any remaining position dependene despite the shielding. In
order to study this, we an try to searh for any position variane on dierent
subsets of data where the time variation an be onsidered fairly homoge-
neous, ensuring this way that both eets will not mix up. Furthermore,
the minimum amount of data used for these subsets should be at least one
month, so that the statistis gathered in the dierent positions of the TPC is
enough to observe any positional variation. Two intervals have been dened
with these harateristis, listed in table 6.3 and shown in gure 6.13.
In gure 6.14 we an see for these two periods of time the dependene
of the bakground level with the position of the detetor in the experiment.
Here the blak line orresponds to the data taken in the out area of the
hamber, while the red one mathes the 2W area data. The value represented
is the mean of the normalised ounts measured between 2 and 10 keV. The
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Figure 6.13: Rate evolution in the two time intervals hosen.
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nine dierent loations of the TPC in the experiment shown in the x-axis
orrespond to the nine ells drawn in the oarse grid of the experimental
area.
These gures tell us that the tendeny followed by the data both in the
2W and out areas is similar. It seems also that the points satter more from
the mean than what would be expeted taking only statistis into aount.
One way to nd quantitatively any variation out of the statistial errors is
to alulate the χ2 distribution of these points around the mean, as it has
been done also to searh for a daily pattern. If there were a systemati
deviation due to a position dependene, it would be reeted in a value of
χ2/d.o.f > 1, being 8 in this ase the degrees of freedom (9 points minus the
mean). The fat that the error bars are dierent in every point ould lead




































Figure 6.14: Bakground level for 9 dierent experiment zones and dierent
periods of time. The blak line represents the data taken in the out area of
the TPC, while the red one mathes the 2W area data.
us to a fake value of the mean if we were alulating it in the onventional
way. In this ase a weighted mean is the most appropriate parameter, where
the points with a big error bar ontribute less to it. From [23℄ we have the
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Here i runs over the points that we want to alulate the mean from, in our






In table 6.3 these values are summarised both for the 2W and for the out
zones data. The dierene in the means for the two periods is indeed a hint
of the time-dependene on the data explained before. The numbers obtained
# Start-End Mean (×10−5/kev/m2/s) χ2/d.o.f
2W out 2W out
1 12/06-07/07 3.75 ± 0.03 4.56±0.01 10.27/8 31.36/8
3 11/08-19/09 3.94 ± 0.02 4.85±0.01 54.17/8 149.89/8
Table 6.3: χ2 distribution value around the mean for the two time intervals
dened.
for the data in the out area, where we have more statistis, tell us that indeed
there is a deviation from the mean beyond statistis . We see also that in
both plots of gure 6.14 the tendeny of deviation from the mean is by far
very dierent in both of them. If this deviation were fully due to a position
dependene we would expet that it should be oherent in both plots, sine
we would be seeing the same eet. But this is not the ase, and we are lead
to think that, at least, part of what we are seeing here is the ubiquitous time
variation. Even though the hosen intervals look fairly stable, the data are
telling us that indeed this is not the ase.
Even if smaller time intervals are used, the time eet still plays a role
here, and no hint of a position dependene is found. Therefore we an
onlude that, even if a position dependene is present in these plots, its
level is really small in omparison with the time dependene eet, whih in
2004 data is the dominant one.
Experimental onditions
The basi priniple to ensure the ompatibility between Sun traking and
bakground data is that both of them are taken under the same experimental
onditions. Although this idea might look obvious, from the tehnial point
of view some very basi heks are required, as this ondition is not always
satised. The data gathered when following the Sun were taken when the
magneti eld inside the magnet was on (there is a urrent ow of at least
13,000 A), the valves between the detetor and the magnet bores were open,
and of ourse the whole struture omposed by the magnet and the girder
that holds it was moving. On the ontrary, when the bakground data were
taken, the magnet most of the time was steady, and during some (small) part
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of this time the valves were losed and the magnet was o. Therefore we
should study the inuene of these fators on the data to onsider if further
renements are required.
Magnet movement To test the possible inuene of the motors in harge
of moving the 50 ton struture holding the magnet on the data taken, we
an use again the data from the out area of the TPC. The Sun traking
spetrum ontains only data olleted when the motors were on, while the
bakground one is mostly omposed from data gathered with the magnet
standing still. In priniple both spetra should be ompatible and therefore,
if eletri noise were indued by the motors on the data, it would be reeted
on a dierene, mostly at low energies, between them.
The χ2 parameter of the Sun traking minus bakground energy spetra
with the zero line hypothesis will tell us about the auray of the no-noise
hypothesis. Figure 6.15 shows this subtrated spetrum, together with the
zero line. The t yields:
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Subtracted spectrum (out TPC area)
Figure 6.15: Subtrated spetrum from the data taken in the out area of the
TPC.
χ2/d.o.f = 28.69/29 (6.3)
whih learly hints no systemati eet on the data.
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Indeed, this an be onsidered as a test of the non existene of any other
unknown or unonsidered eet apart from the magnet movement, whih
ould inuene the data.
Magnet status As the data from the out area are ompletely isolated from
the magnet bores, it annot be inuened by their status. Therefore we still
have to onsider a possible dependene of the 2W area data on the valves
and magnet status. In gure 6.16 a graphi omparison between the total
bakground (thik blak line) and the one built only with the bakground
data olleted when the magneti eld was on and the valves in the TPC
side were open (thik red line) is shown. For omparison purposes, the Sun
traking spetrum is also plotted as a ontinuous thin blak line. From here
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Figure 6.16: Comparison between the traking spetrum (ontinuous line) the
total bakground (thik blak line) one and the bakground taken only when
the magneti eld is on and the valves are open (thik red line).
we see that indeed the Open-On bakground is systematially lower than the
total one, although the dierene is very small in omparison with the Sun
traking spetrum, to whih both of them are ompatible. In table 6.4 we
have the time in hours that the magnet system has spent in every situation.
In order to understand why the Open-On bakground is systematially lower
than the total bakground one, in gure 6.17 we see a omparison between
the total bakground energy spetrum (thin blak line again) and dierent
magnet onditions (thik blak and red lines). In the upper one the valves are
in both ases losed, and the only dierene lies in the magnet being energised
or not. In the lower plot we have same situation with the dierene that in
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Table 6.4: Time that the magnet system has spent in the dierent onditions.
Energy (keV)











































Figure 6.17: Comparison between dierent magnet system onditions.
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this ase the valves are open. In these two plots we see that when the valves
are losed it seems that the magnet being energised makes a dierene, while
when the valves are open this is not the ase. This in priniple does not make
any sense, and the real explanation to what is seen in these plots omes is
in the previous setions. These spetra are omposed from data olleted in
dierent magnet onditions, but also in dierent times and positions, and it
is therefore natural that they show dierent average levels.
During 2004 the Sun was daily being traked for the TPC, exept in
the ase of a magnet quenh (see hapter 3), the movement was stopped
for one or two days. During this time no data were olleted traking the
Sun, but the bakground data taking were remaining. Somehow this may
introdue small gaps in the time dependene Sun traking-bakground data
ompensation mentioned in setion 6.2.2. Sine during the time of a magnet
quenh reovery the valves are losed and the magnet is o, it seems natural
to assume that the overall Open-On bakground spetrum is the one we
should use then to ompare with the total Sun traking one, as both will
suer from the same temporal gaps. Therefore, for the axion data analysis
when referring to the bakground spetrum, we will mean the Open-On one.
6.3. Data analysis
Up to now all the possible dependenes of the data on the most inuential
environmental fators have been arefully studied. No signiative deviation
of the bakground from the Sun traking data has been found, and the long
term variations have been identied and found not to be relevant for the
axion analysis. Therefore we an safely proeed subtrating the Open-On
bakground data to the Sun traking data in order to obtain the subtrated
spetrum, whih is the starting point for the axion analysis, as it has been
already done for the 2003 data in hapter 5.
6.3.1. Null hypothesis test
Figure 6.18 shows this nal subtrated spetrum, together with the null
hypothesis line. A quik look states that both are ompatible within statis-
tial errors. This is mathematially onrmed by the χ2 parameter obtained
from the t:
χ2null/d.o.f = 18.67/18 (6.4)
As in the analysis of the 2003 data, the vertial dotted lines delimit the 1 to
10 keV energy range where all the axion analysis is performed, ignoring the
points outside it sine the expeted solar axion energy spetrum ranges also
from 1 to 10 keV approximately.
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Figure 6.18: Subtrated spetrum and the null hypothesis line.
6.3.2. Best t and errors
To alulate the best t value of g4aγ we will proeed in a similar way
as it was done with the 2003 data. First the theoretial normalised energy
spetrum of photons oming from the onversion of axions in the magneti
eld that would have been deteted by the TPC is alulated, as a funtion
of g4aγ . The subtrated spetrum is tted with this theoretial one, and then
the value of g4aγ whih minimises S(g
4
aγ) is found, whih will give us the
theoretial photon spetrum urve that best ts the 2004 obtained data. It
is expeted that this nal urve will be very lose to the zero line, whih
represents the no axion hypothesis, if we are to be onsistent with the null
hypothesis test.
In gure 6.19 we an see the subtrated spetrum with the best t urve
on it. The best t value obtained is:
(g4aγ)min = (1.04 ± 1.0(stats))× 10−40 GeV−1 with χ2min/d.o.f = 17.06/17
(6.5)
In this ase the value obtained is positive within 1σ error. It is known
that the denition of one standard deviation tell us that, just due statistial
utuations, only 64% of the data olleted should fall into the range overed
by it. It an easily happen that the 2004 best t result obtained belongs to
the other 36% data group whih are further from the true value more one
standard deviation. The fat that none of the other two CAST detetors has
a similar result hints that this explanation is the preferred one over the fat























Figure 6.19: Subtrated spetrum together with the best t urve.
6.3.3. Condene interval extration
Again, proeeding in a similar way as we did with the 2003 data in order
to extrat an upper limit value of gaγ with a 95% ondene level (C. L.),
we are lead to the result:
gaγ(95%) ≤ 1.29 × 10−10 GeV−1 for ma < 0.028 eV (6.6)
This value is a 20% lower than the one obtained in 2003, as shown in g-
ure 6.20.
6.3.4. Systemati eets and their inuene on the data
In the 2003 data any possible systemati eet was masked by the high
dependene of the bakground level with the position, and therefore was
impossible to detet within statistis. With the 2004 data we nd ourselves in
a similar situation. Not only the data may suer from a position dependene,
whih we have not been able to disard nally, but also they depend on the
time of the year where they were taken. Indeed it has been pointed out in
setion 6.2.2 that the inuene of this time dependene on the data is higher
than the position one. It has been also pointed out that the time variation
of the data takes plae in time intervals larger than one day, thus aeting
in a similar way the Sun traking and bakground spetra. Beause of this,
it has been onluded that for the axion analysis of 2004 data there is no
need to build any time or position weighted bakgrounds. As the bakground
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Figure 6.20: Exlusion plot (95% C.L.) from the TPC 2004 data (red line).
For omparison the upper limit obtained with the 2003 data is also shown
(blue line).
spetrum built with all the data olleted during 2004 diers ∼1% from the
one taken with the gate valves open and the magnet on, we have deided
to use the latter for the axion analysis. This way we ensure that both Sun
traking and bakground spetra suer more or less from the same temporal
gaps, while also the data was olleted with the same magnet status, whih
we have not disarded as a soure of possible dierenes.
As it has been pointed out already in relation with 2003 data analysis,
even though all these assumptions are essentially orret, still they yield a
slight unertainty in the bakground data level. We would like to quantify
this unertainty as a measurement of the systemati error indued by these
systemati eets on the data. To do this we want to determine the interval
overing the possible bakground data variations from its true value, whih
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in our ase orresponds to the bakground level of the Sun traking spetrum.
This interval must be alulated taking into aount two antagonisti fators.
The time and position dependene indue a variation on the bakground
average level, thus making this interval wide. For example, in gure 6.8 we
see that the maximum variation of the rate is approximately a 33% from
the higher value (∼ 750 ounts/day) to the lower one (∼ 500 ounts/day).
But we must not forget that this variation aets in a similar way the Sun
traking and the bakground spetra, leading to the ompensation mentioned
before, whih will make this interval narrower that a 33%. But, how are we
to estimate the eet of this ompensation?
To get an exat value of the eet of the ompensation between the two
spetra is a not so simple task. We have quantied the maximum value of
the data variation as to be a 33%. But the interval that we are searhing for
is ertainly narrower due to the ompensation, and we would like to know
by how muh. In what follows a method similar to what was done with the
2003 data is shown. Following it we will determine an upper limit for this
interval, not the interval itself.
In the data from the out area we an vary artiially the level of the
bakground data by some perentage and alulate the values of the χ2null
in eah ase. Obviously the bigger the fator we vary the bakground, the
farther this parameter will be from its mean, whih orresponds to the d.o.f
of the distribution. Then we an dene the allowed variation interval for
the bakground level as the one ontaining the variation fators whih will
yield values of χ2null with a probability of ourring bigger than the 5%. By
looking the χ2 distribution tables we nd that this ondition is satised for
these values of χ2 suh that χ2/d.o.f < 1.604. Sine for us the d.o.f for the
null hypothesis test are 18 (number of points), we should only onsider the
variation fators orresponding to values of χ2 < 28.9.
In gure 6.21 the dierent values of χ2 obtained for the orresponding
variation fators are shown. The interval of the variation fators dedued
from here is (-0.9%, 1.5%). It must be underlined that this interval is an
upper limit of the allowed variation for the bakground level using a statisti-
al tool. As there is not a simple way of estimating what the ompensation
gives us quantitatively, we must satisfy ourselves with this upper limit for it.
In table 6.5 we see the value of the upper limit of gaγ at 95% C.L that would




Table 6.5: gaγ(95%C.L)upper limit value orresponding to the quoted variation
fators of the bakground data.
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Figure 6.21: Values obtained for the χ2null parameter for dierent fators of
bakground variation.
orrespond to the subtrated spetrum obtained from the 2W area data by
varying the bakground inside the allowed range dened. Our nal upper
limit on the unertainty of the bakground level leads to an upper limit in
the unertainty on the value of gaγ(95%C.L)upper limit of a 10%.
We do not onsider any other soure of systemati errors, as their inu-
ene to the nal value will be always dominated by the time dependene,
whih we have seen is the major soure of bakground variation.
6.3.5. CAST 2004 ombined result
The result for the 2004 ombined data analysis will be presented in the
referene [99℄, whih is still in progress.
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Outlook and onlusions
In the rst part of this work a quik introdution to axion theory and
phenomenology has been presented, underlying its osmologial relevane as
one of the leading andidates, together with the WIMP, for the ubiquitous
old dark matter of the Universe. Furthermore, opposite to the WIMP, the
axion appears within the framework of a rather natural Standard Model
extension, introdued in 1977 by R. Peei and H. Quinn to solve the strong
CP problem of the QCD. Even in supersymmetri and superstring-inspired
models this partile often arises also in a natural way.
Therefore axions searhes are justied and arried over around the world,
with the most olourful and inspired tehniques. The CAST experiment
priniple is based on the axion heliosope oneption, put over by P. Sikivie
in 1983. Using a 10 m long, 9 T magneti eld LHC magnet, CAST is the
most ompetitive axion heliosope built nowadays.
In the seond part of this work both the CAST experiment and one of its
detetors, the Time Projetion Chamber (TPC), have been presented with
detail, together with their ommissioning and operation periods during 2003
and 2004, i.e., during the rst phase of CAST.
The third part of the thesis has been devoted to the TPC data analysis
and results obtained in these two years independently. In 2003 the TPC
gathered ∼783 hours of good quality data, i.e. data that fulls the stability
and homogeneity detetor operation required, being ∼9% of them taken with
the magnet following the Sun. The data olleted in the TPC during the
non-alignment periods is used later on to estimate the true experimental
bakground ontribution to the Sun traking spetrum. Initially a lear
disrepany in the level of both energy spetra was observed. Several tests
were arried in order to nd the origin of this disrepany, being nally
proven that it lied on a dependene of the data on the TPC position within
the experimental area, aused by its relatively large spatial movements at the
far end of the magnet, whih resulted in appreiably dierent environmental
radioativity levels.
An eetive weighted bakground was onstruted only from the bak-
ground data taken in magnet positions where Sun traking was performed,
being properly weighted aordingly with the relative exposure of the Sun
traking data.
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Applying this weighting method to the bakground data olleted in the
axion-sensitive area of the TPC, no signal above bakground was observed,
being this onrmed by the null hypothesis test (χ2null/d.o.f = 18.2/18).
This absene of signal allowed the extration of an upper limit for the ou-
pling of axions to photons, whih was onservatively alulated by taking
the limit enompassing 95% of the Bayesian probability distribution with a
prior funtion assuming g4aγ at and positive. The limit obtained from the
TPC data, plotted as a blue line in gure 6.22, was:
gaγ(95%C.L) < 1.55 × 10−10GeV−1 for ma . 0.028 eV. (6.7)
Sine the eetive bakground data used to obtain this result was artiially
onstruted, it is expeted that the result quoted above suers from a sys-
temati error. In the CAST TPC there is an area whih is blinded to the
signal as it does not fae the magnet bores, thus the data olleted on it an
be used to test all these possible systematis eets as here the Sun trak-
ing and bakground spetra in priniple should resemble. The data oming
from this area an be used to estimate an upper limit to this unertainty
perentage. By artiially varying the level of the bakground spetrum till
the χ2null test on the data yields a result with a probability smaller than a
5%, this upper limit interval is found to be approximately a 15% of the value
given in 6.7.
The ombination of the TPC result with the ones from the other two
detetors of the experiment has given the exlusion limit for CAST 2003:
gaγ(95%C.L) < 1.16 × 10−10GeV−1 for ma . 0.028 eV. (6.8)
This limit is ve times more restritive than previous experiments results.
In 2004 the TPC was aligned with the Sun for ∼ 203 hours, while the
total time dediated for bakground data taking was of ∼ 142 days. This
means that, during this year, the axion sensitive data are a fator 3 more
abundant than in 2003 and, in the ase of the bakground data, this fator
goes up to 5.
Sine in 2003 a dependene of the TPC bakground on the magnet po-
sition was found, during 2004 it was followed a strit proedure to over ho-
mogeneously all the TPC positions during the bakground data taking. This
way it was ensured that the ontributions from the dierent environmental
radioativity areas to the total bakground data would be homogeneously
distributed.
On the other hand a passive shielding, designed an built by the Parti-
le Physis group of the Zaragoza University, was installed surrounding the
TPC. It is onstituted, from outside to inside, by a 22 m layer of polyethy-
lene whih thermalizes the high energy neutrons, followed by a 1 mm thik
admium layer whih presents a high absorption ross setion to these al-
ready thermalized partiles. A 2.5 m thik lead wall redues the amount
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of low and medium energy environmental gamma radiation that eventually
reahes the detetor, and nally a 5 mm thik opper box ats as Faraday
age, providing mehanial support for all the struture. The whole shield-
ing assembly is tightly losed by a PVC bag allowing thus to ush the inner
part with pure N2 to purge this spae of radon.
Thanks to the shielding a redution fator of ∼ 4.3 on the bakground
level was reahed, being thus the data averaged rate between 1 and 10 keV
(4.15 ± 0.01) × 10−5 counts/keV/s/cm2. Furthermore, the data olleted
in the dierent experimental hall zones presented a high homogeneity level,
proving that the shielding was able to redue to a big extent the worrisome
disrepanies whih aeted 2003 data.
Regarding the CAST data analysis, it is mandatory to identify any sys-
temati eet whih ould produe a disrepany between the Sun traking
and the bakground spetra. For this, again the data in the TPC region
blind to any signal is used, sine the null hypothesis test for these two spe-
tra ould hint the presene of suh eets. For 2004 data this test result is:
χ2/d.o.f = 28.69/29, proving that, ontrary to what happened in 2003, in
this year the data are free from any systemati eet big enough to prevent
the alulation of the axion parameters diretly from the data.
In spite of this, still long term temporal variations related with environ-
mental fators whih an aet the TPC bakground omposition and nature
were observed. Sine they were aeting both Sun traking and bakground
data in the same way, there was no need to take them into aount for the
nal axion analysis, being this the reason why they were not reeted in the
null hypothesis test explained in the previous paragraph.
The data olleted on the area of the TPC faing the magnet bores ould
be inuened by fators suh as the magnet being energised or not, and thus
the dened bakground is the one olleted when the magnet bores status is
the same as in the Sun traking situation. This bakground is the one nally
subtrated to the Sun traking spetrum and, for 2004 data, this subtrated
spetrum was ompatible again within errors with the absene of any signal,
as it is onrmed by the null hypothesis:
χ2null/d.o.f = 18.67/18. (6.9)
The axion to photon oupling's upper limit has been alulated again
with a 95% C.L. following the Bayesian logi, being the result obtained:
gaγ(95%) ≤ 1.29 × 10−10 GeV−1 for ma < 0.028 eV. (6.10)
This result is inluded in the axion exlusion plot shown in gure 6.22 as the
red line. Unertanties in several theoretial parameters suh as the magneti
eld or the detetor eieny urve has been studied, being their eet
estimated to be less than a 2% of this value. Furthermore, again and upper
limit to the systemati error interval has been alulated, nding it to be
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Figure 6.22: Exlusion plot (95% C.L) for the 2003 (blue line) and 2004 (red
line) TPC data. For omparison the result from other experiments is shown.
within a ∼ 10% of the value quoted in 6.10. The inuene of other eets
suh as the temporal variation mentioned before are known to be bounded
inside this range.
Combining this result with the ones attained by the other two CAST
detetors, the following preliminary value for the upper limit is obtained:
gaγ(95%) ≤ 0.9 × 10−10 GeV−1 for ma < 0.028 eV. (6.11)
For the rst time the result from an experiment goes beyond the astrophysial
limits on gaγ set by the supernova and globular lusters data, onrming
them.
The rst phase of CAST has denitively ome to its end and, although
sadly no positive result was nd, the feasibility of the CAST experiment
and ollaboration to be a ompetitive piee in the axion-physis puzzle has
been largely proven. Now new data are already being olleted within the
seond phase framework of the experiment, digging for the rst time into the
theoretially motivated area of the exlusion plot. This opens a new window
for surprises and therefore still keeps the CAST experiment in the sight of
the axion-physis international ommunity.
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